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The  Chapters,  Pages,  Articles,  Illustrations,  and  Tables 
are  ntunbered  consecutively  throughout  the  Treatise. 
Vol.  I  is  wholly  occupied  with  Part  First,  and  ends  with 
Chapter  XII,  Page  556,  Art.  214,  Plate  M,  Fig.  368,  and 
Table  28:  the  regular  sequence  of  all  these  follows  in  this 
volume. 

The  numbering  of  the  equations  begins  a  new  series 
with  each  Part. 

Messrs.  Ritchie  of  Boston,  who  make  compasses  for 
the  United  States  Navy,  have  afforded  me  every  facility 
for  acquiring  knowledge  of  the  practical  performance 
of  their  work:  it  is  that  information  that,  with  their 
consent,  I  have  used  in  the  following  pages  to  illustrate 
Compass  construction  and  supplement  theoretical  con- 
siderations. 

New  York,  March  3,  1903. 
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CHAPTER    XIII 


HISTORICAL  SKETCH, 


215.  Divers  claims  regarding  the  iDventioa  of  the  Com- 
pass,—Almost  ever\'  country,  ancient  and  medieval,  has 
laid  claim  to  the  Compass  as  its  own  invention;  to  search 
out  the  evidence  and  facts  of  each — to  confront  them  one 
with  another  and  thrash  out  the  few  grains  of  truth  that 
lie  hidden  in  a  stack  of  legendary  chaff,  is  a  task  that  does 
not  enter  into  the  plan  of  this  work :  it  has  been  done  by 
various  writers,  but  with  a  result  nearly  always  tinged  with 
the  bias  of  the  author.  With  this  one.  the  Chinese  were 
the  inventors;  with  another,  the  N'orthmen;  with  a  third, 
the  Italians;  and  with  still  more,  the  Arabs  and  the  French. 
The  truth  is,  that  research,  so  far,  has  not  indisputably 
established  the  fact  when  and  where  a  magnetic  needle 
first  guided  a  ship. 

The  development  of  the  compass  was  very  slow,  and 
indeed  it  is  only  within  the  last  fifty  years  that  such  im- 
provement has  been  made  as  to  entitle  it  to  entire  confi- 
dence. Between  the  piece  of  steel  uf  the  twelfth  century 
that  was  temporarily  rubbed  with  a  lodestone  and  set  upon 
a  float  in  water,  and  the  refined  compass  of  lo-day^-almost 
worthy  of  place  among  the  instruments  of  precision^there 
is  a  gulf  so  wide  and  deep,  that  one  can  scarcely  recognize 
in  the  former  the  prototype  of  the  latter. 

Such  probable  links,  however,  in  the  lineage  as  have 
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received  general,  though  not  universal,  acceptance,  will  now  , 
be  traced:  they  will  be  set  down  chronologically;  and  are  1 
not  from  ordinal  sources,  but  are  quoted  from  such  stand- 
ard works  as  may  be  found  in  any  large  library. 

216.  The  Chinese  records.— The  first  use  of  the  needle 
was  not  on  board  ship,  but  on  land — to  guide  a  cart:  a 
pivoted  majiikin  was  set  up  in  the  front  of  the  vehicle, 
its  right  arm  extended,  and  in  it  was  concealed  a  magnet 
which  turned  the  little  figure  into  the  meridian,  thus  point- 
ing out  its  direction. 

Du  Halde,  who  was  a  missionary  in  China  and  wrote 
a  history  tif  the  country  from  data  procured  from  Chinese 
books,  states  that  "about  the  year  2634  b.c,  the  Emperor 
Hoang-te,  being  at  war,  an  instrument  was  invented,  which 
being  placed  in  a  car,  ii  pointed  to  the  south  and  enabled  the 
imperial  army  to  direct  its  march  and  surprise  the  enemy 
during  a  thick  fog." 

"About  1038  B.C.,  an  embassy  reached  China  from 
Cochin;  the  ambassadors  had  experienced  great  difficulty 
in  finding  their  way  to  the  imperial  court;  but  on  taking 
their  final  audience,  the  Emperor  ga\'e  them  an  instrument 
of  which  one  end  pointed  to  the  north  and  tlie  other  to  the  ^ 
south,  that  they  might  find  their  way  home  with  less  em- 
barrassment than  they  had  experienced  on  their  route  to  ij 
his  dominions." 

The    instrument    was    then    called    Tin~nan-chhtg,    or"^ 
needle  pointing  to  the  south,  and  this  is  the  name  the 
Chinese   give   the   mariner's  compass   to-day:    they   mark 
the  south  with  a  distinctive  symbol  and  reckon  from  it 
as  we  do  from  the  north. 

Against  this  ancient  origin,  there  are  authors  who 
assert  that  these  carts  were  unknown  before  the  fifth 
century,  a.d.  ;  and  they  further  say  that  it  was  only  toward 
the  thirteenth  century  of  our  era  that  reliable  records 
show  them  to  have  used  the  compass  afloat. 
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While  it  may  be  true  that  the  Chinese  are  not  venture- 
some sailors,  and  had  only  small  vessels  in  which  they 
probably  skirted  the  coasts,  even  in  voyages  to  the  Persian ' 
Gulf  and  during  their  varied  communication  with  the 
Arabs,  wliich  occurred  in  the  early  centuries  of  our  era; 
still,  )■/  they  guided  carts  on  land  even  as  late  as  the  fifth 
century,  a,d.  (which  seems  to  be  conceded),  it  is  more 
than  probable  that  a  similar  instrument  was  used  about 
the  same  time  for  guiding  ships  at  sea. 

217.  The  Greeks  and  Romans.~ln  Art.  167,  Part  First, 
is  quoted  an  extract  from  a  pixTn  by  Lucretius,  who  floiu-- 
ished  about  100  n.c;  in  it  the  peculiar  virtue  of  the  lode- 
stone  is  set  forth;  Lucretius  even  observed  that  it  caused 
iron  filings  placed  in  a  brass  vessel  to  jump  wildly  about — 
"to  rave"— under  the  varied  movement  of  this  natural 
magnet:  but  these  matters  had  been  known  long  pre- 
viously; there  is  no  mention,  however,  of  the  lodestone 
having  been  used  to  guide  anything  either  afloat  or  ashore, 

318.  Records  during  the  Christian  era. — In  a  Chinese 
dictionary'  of  date  121  a.d.,  the  lodestone  is  defined  as 
"A  stone  with  which  an  attraction  can  be  given  to  the 
needle";  and  in  another  work  compiled  about  400  a.d., 
there  are  these  passages:  "They  had  ships  which  directed 
their  course  to  the  south  by  the  magnetized  needle."  .  .  . 
"The  fortune-tellers  rub  the  jxjints  of  a  needle  with  the 
stone  of  lot'e  for  rendering  it  proper  to  indicate  the  south." 

And  in  the  eleventh  century  a,d..  the  following  is  found 
in  a  Chinese  work:  "Take  a  single  filament  from  a  piece 
of  new  cotton  and  attach  it  exactly  to  the  middle  of  the 
needle  by  a  bit  of  wax  as  large  as  a  mustard  seed,  Plang 
it  up  in  a  place  where  there  is  no  wind.  Then  the  needle 
constantly  shows  the  south ;  but  among  such  needles  there 
are  some  which,  being  rubbed,  indicate  the  north.  Our 
soothsayers  have  some  which  show  south  and  some  which 
show  north.     Of  this  property  of  the  magnet  to  indicate 
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:he  south.  like  that  of  the  c\-press  to  show  the  west,  no  one 
can  tell  the  origin."  There  is  no  statement,  however,  that 
the  needle  thus  preparevU  was  used  for  any  g«i<i/«g  purpose. 
The  first  mention  in  Eun^pean  annals  of  the  use  of  the 
twe<.lle  at  sea  seetns  to  Ix?  contained  in  a  poem  by  Guyot  de 
Pro\-ince.  >\Titten  in  iioo  a.d.  :  its  manuscript  is  in  the 
Librar\"  of  Paris,  and  the  jx^rtion  relating  to  the  magnet 
sas  U>lk>ws: 

(OKI  French.) 

Voisisse  qu'il  semblas  Testocle 
Qtii  t\e  so  meut.     Bien  la  voyent 
Li  ntariniors  qui  si  avoient, 
Kt  lor  sini.  et  lor  voie  tiennent, 
Us  TapivUent  la  ta^smaintaigne. 
Ux*llo  estaioho  est  moult  certaine: 
Toutes  los  autn^s  st*  remouent 
Kt  nvhangent  K>r  lious.  et  toment, 
Mai  a^lle  ostoile  no  st*  meut, 
Vn  Art  font*  qui  mentir  ne  puet. 
l\ir  la  vertu  ile  la  mariniere, 
I'tie  pienv  laiile  et  bniniere, 
Ou  U  tVi>i  volvMUiors  so  joint 
Out,  si  es^anlent  le  droit  ixnnt, 
l\Uji\|U*  une  ai>:uillr  out  touchi6 
Kt  cu  un  trstu  Tout  couchie, 
Ku  IVw  loMu^ttrnt  sail  plus 
Ki  li  tWlus  la  tirniuMit  dessus. 
ISlijiM'  toimu'  la  |>»unte  toute 
\\^\t»X*  IVstoilr,  si  SiMis  cloute 
vH^k^  ia  uiis  Ikmm  \\v\\  (loutiTa 
N\^  M  1*^**'  ******  ****  faiissiM'a. 
iSMUvl  l<^  ****'*'  *'•»*  i»l»Si*uri^  ct  brune 
vSVA^ul  uo  v\»it  iv.ti>ili*  no  lune, 
\\^«  »o*tt  <i  TiiK***"*'  alhinuT, 
\\^v^\\\vut  il^  r.'i*"^'*'  d'fSKarer 
iV^UV  Tviiloilp  va  la  puintc. 
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(The  preceding  in  modern  French.) 

I!s  voient  qui  ressemble  a  Tetoile,  laquelle  ne  retnue 
jamais.  Les  mariniers,  guides  par  elle,  la  connaissent 
assez  bien;  et  par  son  moyen,  ils  vont  et  reviennent, 
marquent  le  cours,  et  poursuivent  leur  route ;  ils  I'appellent 
la  tramontaine  (etoile  polaire).  ,  Cette  etoile  est  fixe;  toutes 
les  autres  se  meuvent,  changent  leur  position,  et  retoument; 
mais  celle-ci  ne  bouge  point.  Ils  font  une  experience  qui 
ne  peut  pas  les  tromper.  Ils  ont  une  pierre  brute  et  brune 
k  laquelle,  par  la  vertu  de  I'instrument  api)ele  marini^re, 
le  fer  s'unit  volontiers;  et,  par  ce  moyen,  ils  s'apercoivent 
de  la  droiture  du  point.  Lorsqu'une  aiguille  I'a  touchee. 
et  que  Ton  I'a  mise  sur  un  petit  morceau  de  bois,  et  pos^e 
sur  I'eau,  le  bois  la  tient  sur  la  surface.  C'est  alors  que 
la  pointe  de  I'aiguille  se  toume  enti6rement  vers  I'etoile, 
et  avec  une  telle  exactitude,  que  personne  en  saurait  douter ; 
et  il  n'y  a  pas  k  craindre  que  rien  au  monde  puisse  la  d^- 
toumer  de  cette  situation.  Lorsqu'il  ne  parait  point  d'dtoiles, 
ni  de  lune,  ils  regardent  I'aiguille  avec  une  lumi^re,  et  ne 
peuvent  pas  s'^garer,  car  la  pointe  se  dirige  vers  I'etoile. 

Cardinal  Jacques  de  Vitry,  a  native  of  France,  who  had 
engaged  in  the  Crusades,  wrote  about  1204  a  "History  of 
the  Crusaders  and  Their  Voyages  to  the  Holy  Land," 
wherein  he  described  the  compass  as  being  in  familiar 
use  among  the  Saracens  on  the  coast  of  Syria,  although  a 
novelty  to  himself,  and  he  speaks  of  the  magnetic  needle 
as  "most  necessary  for  such  as  sail  the  sea," 

An  English  monk,  Alexander  Neckham,  who  lived  from 
1157  to  lai;  A.D. — the  author  of  several  woi^s  on  varied 
subjects,  wrote  in  one  of  them  as  follows : 

"The  sailors,  moreover,  as  they  sail  over  the  sea,  when 
in  cloudy  weather  they  can  no  longer  profit  by  the  light 
of  the  sun,  or  when  the  world  is  wrapped  in  the  darkness 
of  the  shades  of  night,  and  they  are  ignorant  to  what  part 
of  the  horizon  the  prow  is  directed,  place  the  needle  over 
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the  magnet,  which  is  whirled  round  in  a  circle,  until,  when 
the  motion  ceases,  the  point  of  it  (the  needle)  looks  to 
north/' 

In  the  Paris  Library  there  is  an  Arabian  manuscript 
written  in  1240  a.d.  by  Bailac  Kipdjatie,  in  which  a  more 
definite  description  of  the  compass  of  the  period  is  thus 
given : 

**The  captains  who  navigate  the  Syrian  Sea,  when  the 
night  is  so  obscure  that  they  cannot  perceive  any  star  to 
direct  them  according  to  the  determination  of  the  four 
cardinal  points,  take  a  vessel  full  of  water  which  they 
place  sheltered  from  the  wind  and  within  the  ship.  Then 
they  take  a  needle,  which  they  enclose  in  a  piece  of  wood 
or  reed  formed  in  the  shape  of  a  cross.  They  throw  it 
in  the  water  contained  in  the  vase,  so  that  it  floats.  Then 
they  take  a  magnet  stone  large  enough  to  fill  the  palm  of 
the  hand,  or  smaller.  They  bring  it  to  the  surface  of  the 
water,  and  give  to  the  hand  a  movement  of  rotation  toward 
the  right,  so  that  the  needle  turns  on  the  surface  of  the 
water.  Then  they  withdraw  the  hand  suddenly,  and  at 
once  the  needle,  by  its  two  points,  faces  to  the  south  and 
to  the  north.  I  have  seen  them,  with  my  own  eyes,  do 
that,  during  my  voyages  at  sea  from  Tripoli  to  Alexandria 
in  the  (Arabian)  year  640  (or  1240  a.d.).*' 

In  the  Spanish  Leyes  de  las  Partidas  of  date  1263  a.d., 
occurs  this  passage : 

'*And  as  sailors  are  guided  in  an  obscure  night  by 
means  of  the  magnet  needle,  which  is  their  mediator  be- 
tween the  steir  and  the  lodestone,  and  shows  them  where 
to  go  as  well  in  good  weather  as  in  bad;  so  those  who 
have  to  aid  and  to  counsel  the  king  should  always  be 
guided  by  justice,  which  is  the  mediator  between  God 
and  the  world,  always  giving  safety  to  the  good  and  pim- 
ishmcnt  tc^  the  wicked,  each  according  to  his  deserts.*' 

These  varied  accounts — French,  Arabian,  English,  and 
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Spanish — all  treat  of  an  accomplished  fact — of  a  mag- 
netized needle  used  by  all  the  sea-faring  nations  of  Europe 
at  the  time  to  guide  their  ships;  so  that  the  date  of  the 
invention  of  the  Compass  {in  so  far  as  a  single  needle 
unassociated  with  a  graduated  circle  and  lubber's  point — 
nothing  but  a  needle  lying  in  the  magnetic  meridian — 
can  be  called  a  compass)  seems  to  be  mtterior  to  1 200  a.d.  : 
after  this,  descriptions  multiply,  so  that  it  would  be  bur- 
densome to  quote  them — they  merely  corroborate  the 
testimony  already  given. 

219.  The  prototype  of  the  present  compass.^But  now 
appeared  a  man  who  may  be  said  to  have  devised  the 
essential  features  of  the  compass  of  to-day. 

Pierre  de  Maricoiu-t,  known  in  literature  as  Peter 
Peregrinus,  was  bom  in  Picardy,  France.  In  the  year 
1269  A.D.,  he  wrote  a  letter  (of  which  the  manuscript  is 
in  the  Paris  Library)  to  a  friend  named  Sigerus  of  Foucan- 
court;  and  in  this,  he  states  many  things  regarding  the 
compass. 

In  ancient  times  the  prevalent  idea  was,  that  the  pole- 
star  governed  the  magnet,  then  that  it  influenced  moim- 
tains  which  in  turn  controlled  the  lodestone ;  but  Pere- 
grinus indicated  the  Earth  as  the  controlling  power. 

Before  Peregrinus'  time,  the  needle  was  not  in  constant 
use  aboard  ship — only  in  cloudy  weather;  during  the  day 
ships  steered  along  the  land,  and  at  night  by  the  stars 
when  \'isible. 

When  required,  the  needle  was  temporarily  rubbed 
with  the  lodestone  and  floated  in  a  bowl  of  water  by  means 
of  a  reed  or  piece  of  wood:  it  merely  indicated  the  north 
and  south  line — with  no  fixed  mark  to  reckon  from. 

Peregrinus  thus  describes  the  method  of  preparing  the 
instrument : 

"Take  a  wooden  vessel,  round,  like  a  dish  or  platter, 
and  put  the  stone  in  it  so  that  the  two  points  of  the  stone 
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may  be  equidistant  from  the  edge;  then  put  this  in  a 
larger  \-essel  cv»ntaining  \i*ater,  so  that  the  stone  may  float 
like  a  siiilor  in  a  boat :  the  stone  so  placed  will  turn  in  its 
little  vessel  until  the  north  pole  of  the  stone  will  stand 
in  the  direction  of  the  north  pole  of  the  heavens,  and  the 
sinith  jx^le  in  that  of  the  south  pole  of  the  heavens,  by  the 
will  of  Cnxi/* 

In  tlu>se  days  the  astrolabe  was  in  general  use:  it 
vXMisistoii  of  a  cinrle  graduated  to  degrees,  provided  with 
crv>ss-;\nns,  fitteil  N^th  notches  or  sight  bars:  when  held 
vertically,  the  ca>ss  pieces  could  be  pointed  to  the  horizon 
and  to  the  sun  and  thus  a  rough  altitude  of  the  latter 
obtaininl, 

rotvjn'inus  ct^Miibinevi  the  astrolabe  w4th  the  bowl  in 
\v!n\!\  t!io  ntwUe  fluited,  and  thus  produced  the  first 
instruuiont  worthy  the  name  of  cmnpass. 

\  lo  si^t  the  tnapiot  in  a  diameter  of  the  bowl,  and  marked 
o!\  its  rim  lH>t!t  this  diameter  and  degree  marks;  the  bowl 
\\»is  then  phuHHl  \\\  a  larger  vessel  containing  water,  and 
a  h^ht  \v\HHlct\  Iviir  having  an  upright  pin  at  each  end,  was 
\av\  WW  tlu^  rim  of  the  Ixnvl,  whereby  bearings  could  be 
taken, 


V\\\     <fu> 


^jg^^i^gza^- 


-# 


Fro.  570. 


Hi'  impnA'nl  \iivMi  this  by  devising  the  pivoted  com- 
H-t.-vi  V\y\-x  <fu)  anil  ^^70.  [Roth  figures  from  The  Intel- 
l^^hhil  l\ i St'  ni  l'li\tn\ity,] 

"  riu'  (Io,»tit)>»  bowl  and  the  large  vessel  of  water  are 
.ilmlihlMMl,  i\\u\  \\\  place  of  them  there  is  the  ordinary-  cir- 
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cular  compass-box  of  to-day.  Its  edges  are  marked  as 
those  of  the  bowl  were — with  the  degrees  of  the  circle. 

"  It  is  covered  with  a  plate  of  glass.  In  the  center 
of  the  instrument,  and  stepped  in  the  glass  cover  and  in 
the  bottom  of  the  box,  is  a  pivot,  through  which  passes 
the  compass-needle,  now  no  longer  a  lodestone,  but  a 
true  needle  of  steel  or  iron.  Then  at  right  angles  to  this 
needle  is  another  needle,  which,  curiously  enough,  he  says 
is  to  be  made  of  silver  or  copper. 

"Pivoted  above  the  glass  cover  is  an  azimuth  bar,  as 
before,  with  sight  pins  at  the  ends.  Now,  he  says,  you 
are  to  magnetize  the  needle  by  means  of  the  lodestone 
in  the  usual  way,  so  'that  it  will  point  north  and  south ; 
and  then  the  azimuth  bar  is  to  be  turned  on  its  center 
so  as  to  be  directed  toward  the  sun  or  heavenly  bodies, 
and  in  this  way.  of  course,  the  azimuth  is  easily  measured." 
— {The  Intellectual  Rise  in  Electricity.) 

Peregrinus  himself  says  of  this  instrument : 

"You  may  direct  your  course  toward  cities  and  islands 
and  all  other  parts  of  the  world,  either  on  land  or  at  sea, 
provided  you  are  acquainted  with  the  latitudes  and  longi- 
tudes of  those  places." 

And  little  more  can  be  added  to  describe  the  use  of 
the  highly  finished  instrument  of  to-day :  in  all  its  essen- 
tial features,  Peregrinus'  compass  of  the  year  1269  is  the 
embryo  of  our  azimuth  compass.  Subsequent  endeavor 
has  been  chiefly  in  the  direction  of  improvement  of  what 
he  seems  to  have  originated.  In  Peregrinus'  compass,  the 
needle  is  thrust  through  a  vertical  pivot,  so  that  both  needle 
and  pivot  move  together:  in  the  modem  compass,  the 
pivot  is  fixed,  and  the  needle  is  attached  to  a  card  which 
oscillates  on  the  pivot. 

220.  Improvement  of  the  Compass.  -Interest  in  the 
subject  now  flags:  the  essential  points  have  been  estab- 
lished— that  ships  were  steered  by  a  magnetic  needle  at 
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least  as  early  as  the  year  1200;  that  the  instrument  was 
crude  and  used  only  on  occasion;  and  that  the  prototype 
of  the  present  form  had  really  its  origin  about  the  year 
1269.  Besides,  the  improvements  have  been  wrangled 
over  by  many  nations,  and  it  would  be  little  more  than 
a  statement  of  their  pros  and  cons— a  wearisome  task- 
to  treat  of  the  additions  to  the  first  instrument.  That 
seems  to  have  been  the  work  of  Peregrinus;  but  where 
or  when  its  ancestor — the  simple  needle  floating  in  a  bowl 
of  water — had  its  origin,  is  not  positively  known;  the 
Chinese,  however,  seem  to  have  the  best  title  to  first  using 
•the  needle  for  guiding  purposes. 

The  compass  gave  a  bold  and  confident  impulse 
toward  the  open  sea;  and  soon  all  nations — Spanish, 
English,  Portuguese,  Dutch,  and  French — tmdertook  those 
long,  daring,  and  perilous  voyages  that  have  made  their 
seamen  famous. 

Ere  its  advent,  mariners  hugged  the  coast — ever  tied 
to  the  leading-strings  of  Mother  Earth: 

**  Rude  as  their  ships  was  navigation  then; 
No  useful  compass  or  meridian  known — 
Coasting,  they  kept  the  land  within  their  ken, 
And  knew  no  north  but  when  the  pole  star  shone." 

— Dryden. 


CHAPTER    XIV. 

MANUFACTURE   OF   THE  COMPASS, 


Section  One  :   The  Principles  of  Magnetism  and  mechanics  that 
enter  into  Compass  Construction. 

231.  The  Compass  the  Soul  of  the  Ship. — The  princi- 
ples involved  in  compass  construction  will  be  illustrated 
as  occasion  requires  by  description  of  the  compass  used 
in  the  U,  S.  Nav-y;  and,  to  save  repetition,  that  alone 
is  meant  whenever  allusion  or  reference  is  made  to  any  one. 

In  unique  and  striking  phrase,  Victor  Hugo  has  depicted 
the  old  Line-of-battle  Ship,  and  her  equipment  against 
the  forces  of  nature  and  the  perils  of  the  deep;  he  calls 
the  compass  the  soul  of  this  superb  structure,  and  says 
of  it,  that  against  the  immensity  of  space  she  has  a  needle! 

"  Un  vaisseau  de  ligne  est  une  des  plus  magnifiques 
rencontres  qu'ait  le  genie  de  I'homme  avec  la  piussance 
de  la  nature. 

"  Un  vaisseau  de  ligne  est  compost  k  la  fois  de  ce  qu'il 
y  a  de  plus  lourd  et  de  ce  qu'il  y  a  de  plus  l^ger.  parce  qu'il 
a  affaire  en  meme  temps  aux  trois  formes  de  la  substance — 
au  solide,  au  liquide,  au  fluide — et  qu'il  doit  lutter  centre 
toutes  les  trois.  II  a  onze  griffes  de  fer  pour  saisir  le  granit 
au  fond  de  la  mer,  et  plus  d'alies  et  plus  d'antennes  que 
la  bigaille  pour  prendre  le  vent  dans  les  nu^es.  Son  haleine 
sort  par  ses  cent-vingt  canons  comme  par  des  clairons 
formes,  et  r^pond  fierement  h  la  foudre.  L'ocean  ckt-rche 
d  Ve'garer  dans  I'effrayjnte  similitude  de  ses  vagues,  niais  le 
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vaisseau  a  son  dnte,  sa  boussole,  qui  le  conseille  et  lui  mot 
toujours  le  nard.     Dans  les  nuits  noires,  ses  fanaux  sup-^ 
pleent  aux  6toiles.     Ainsi  contre  le  vent,  il  a  la  corde  et 
la  toile;    contre  I'eau,  le  bois;   contre  le  rocher,  le  fer,  le 
cuivre.  et  le  plomh;   contre  I'ombre,  la  lumiere;   coNTRi^ 
l'immensite.  une  ACUiLLE."^i>s  Miscrables. 

The  old  Ship-of-the-Line  was  the  symbol  of  grandiosq 
majesty — high  out  of  water,  tier  upon  tier  of  guns  pierc 
ing  her  ports,  lofty  spars,  a  maze  of  ropes,  and  spreading 
sails:  the  modem  Battle-ship  is  the  embodiment  of  cleans 
cut  power  and  strength,  which  would  reduce  her  ancientf 
prototype  to  a  wreck  of  splinters  at  the  first  broadsidejl 
and  yet  the  compass  is  no  less  the  soul— the  guiding  spirit 
of  the  one  than  of  the  other — enabling  an  Oregon  to 
find  her  way  from  Atlantic  to  Pacific,  and  an  Olympia 
to  lead  a  squadron  into  action. 

222.  ConditiODS  that  exist  in.  the  compass. — In  the  com 
pass   three   sources   of   contention   arise — inertia,    frictionJ 
and  magnetism.     Two  of  these  generally  conspire  again^ 
the  third,  and  the  aim  of  the  maker  should  be — to  dis 
tribute  inertia,  reduce  friction,  and  strengthen  magnetism) 
and  the  extent  to  which  he  succeeds  in  this  endeavor,  ■ 
that  extent  will  the  instrument  fulfill  its  mission. 

The  card  upon  which  the  degrees  and  points  are  giavenJ 
together  with  the  material  of  the  needles  themselves,  conl 
stitute  the  inert  mass  that  must  be  moved  by  the  force  c 
magnetism  resident  in  the  needles;  and  the  weight  ( 
this  mass  not  only  contributes  nothing  to  the  accuracy  < 
the  compass,  but  is  in  conflict  with  it,  tending  to  keep  tlS 
card  at  rest  when  magnetism  would  move  it,  and  to  main 
tain  a  swinging  motion  when  magnetism  would  incline  I 
steadiness. 

By  reducing  the  weight  of  the  card,  then,  to  the  leai 
that  suitable  materia!  will  permit,  we  lighten  the  burdei 
put   upon  magnetism;    and  incidentally  this  lessens 
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friction  between  cap  and  pivot  as  the  card  swings  to  and 
fro. 

The  center  of  gravity  of  the  mass  must  be  below  the 
point  of  suspension,  and  symmetry  of  material  should  be 
kept  in  view;  that  is,  for  each  particle  on  the  right  of  a 
vertical  plane  through  the  magnetic  axis  of  the  system, 
there  should  be  another  particle  equal  in  weight  and  dis- 
tance on  the  left  of  the  same  plane,  otherwise  the  card 
would  wabble. 

If  the  card  happens  to  stop  while  the  magnetic  axis  of 
the  system  makes  an  angle  with  the  meridian,  friction 
conspires  with  inertia  to  keep  it  there ;  and  thus  both 
oppose  magnetism  in  its  effort  to  direct  the  needle  aright: 
on  the  other  hand,  when  the  card  is  in  motion,  friction 
aids  magnetism,  and  both  oppose  inertia,  to  bring  about 
a  state  of  rest. 

But  friction  is  a  vicious  helpmate  which  it  were  better 
to  curb  than  give  free  rein  to,  for  any  adventitious  assist- 
ance it  may  render. 

The  weight  of  the  card  and  needles  is  considerable, 
and  the  pressure  on  the  pivot  would  be  very  great — a 
strong  opponent  to  the  moving  power,  if  the  bowl  were 
not  filled  with  liquid,  which  buoys  up  the  card,  reduces 
friction,  and  incidentally  counteracts  protracted  motion. 

Both  the  pivot  and  sapphire  cap  are  hard  and  highly 
polished  in  order  to  reduce  friction. 

As  the  card  oscillates,  its  needles  excite  electric  cur- 
rents in  the  copper  bowl,  which  oppose  its  o\vn  motion; 
and  thus  the  needles  may  be  said  to  put  a  check  upon 
themselves— one  which  is  the  more  tightly  drawn  the 
greater  the  motion  of  the  card. 

From  theoretical  considerations  as  well  as  experience, 
it  is  found  that  the  same  weight  of  steel  may  be  varied 
in  form,  quality,  and  temper,  with  corresponding  varia- 
tions in  its  magnetic  strength ;   and  as  the  least  weight  of 
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metal  for  a  specific  degree  of  magnetism  is  the  object 
sought,  the  efforts  that  will  conduce  to  that  end  should 
be  made. 

223.  Tempering  the  needles. — By  "needle,"  throughout 
the  following  articles,  is  meant  the  bundle  of  wires  form- 
ing one  of  the  magnets  attached  to  the  compass-card. 
If  pure  wrought  iron  be  highly  heated,  and  then  allowed 
to  cool  slowly,  it  acquires  a  condition  said  to  be  soft;  and 
this  is  the  most  susceptible  to  magnetism,  hut  it  does  not 
abide;  a  certain  percentage  of  carbon,  however,  baked 
into  the  iron,  makes  it  steel — a  hard  metal;  and  this 
when  heated  and  then  suddenly  chilled,  becomes  still 
harder — tempered;  this  condition  is  resistent  of  magne- 
tism, but  what  Httle  enters,  remains.  In  fact,  hard- 
ness of  metal  and  retention  of  magnetism  are  co-relative, 
so  that  the  harder  the  steel,  the  more  tenacious  it  will 
be  of  the  magnetism  it  acquires,  and  also,  tlie  more  intense 
and  powerful  must  be  the  means  employed  to  give  it  the 
highest  charge.  The  condition  "glass-hard,"  or  one  of 
extreme  brittleness,  affords  the  best  and  most  enduring 
magnets  for  compasses. 

To  temper  the  needles,  they  are  put  into  an  iron  tube, 
which  is  placed  in  a  furnace  until  the  wires  become  bright- 
red,  when  they  are  withdrawn  and  plunged  into  cold 
water;  then  they  will  break  almost  with  the  facihty  of 
glass.  The  conducting  power  of  the  liquid  seems  to  be 
the  essential  quality  in  this  procedure:  mercury  conducts 
away  heat  more  rapidly  than  water,  and  should  therefore 
be  better;  oil  more  slowly  and  hence  less  suited.  Sud- 
denness of  chill  from  high  heat  affords  the  best  temper  for 
compass  needles. 

As  illustrative  of  the  effect  of  temper  on  magnetic 
moment,  an  instance  will  be  cited  from  Coulomb.  A  steel 
bar  was  heated  to  different  temperatures,  plunged  into 
cold  water  at  each,  magnetized  to  saturation,  and  then 
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the  period  of  ten  oscillations  noted;  these  are  the  results: 


Number  of  trial ist  id 

Heat  of  tempering 875°  C.     975*  C. 

Time  of  ten  oscillations.,    gj  s.  78  s. 


3d  4th 

075°  C.  iiSt'C. 
64  s,  63  s. 


When  tempered  helcnv  870°  C,  the  bar  always  made 
ten  oscillations  in  the  same  time:  from  875°  C.  upward 
there  was  a  decided  increase  in  the  magnetic  moment — 
first  rapidly,  then  slowly — as  shown  above  by  reduction 
of  the  time  of  ten  oscillations. 

224.  Magnetizing  the  needles. — While  the  magnetic 
condition  may  be  induced  in  a  rod  of  steel  by  holding  it 
in  the  Line  of  Dip  and  striking  it  on  end,  still  this  will 
make  but  a  weak  magnet;  bending,  twisting,  or  pulling 
the  rod  will  increase  the  induction;  and  large  bar-mag- 
nets drawn  over  it  at  the  same  time  will  further  add  to 
its  strength:  but  all  these  means  fall  far  short  of  the 
powerful  effects  of  electricity. 

Biuidles  of  the  wires  are  prepared  of  the  size  eventually 
to  be  fixed  on  the  card ;  each  bundle  is  held  for  a  few 
seconds  between  the  poles  of  an  electromagnet,  as  at  G. 
F'g-  357.  Vol.  I;  the  current  is  a  direct  one,  from  a 
dynamo,  and  the  wires  are  converted  into  strong  magnets. 

Other  methods  of  using  the  current  have  been  found 
very  efficacious — that,  for  instance,  illustrated  by  Fig.  371 : 


Fig.  371- 


A  and  B  are  two  strong  electromagnets,  between  whose 
poles  the  bundle  of  wires  is  placed;  C  is  a  small,  thick 
coil  of  many  turns,  which  is  moved  back  and  forth  between 
A  and  h,  the  same  number  of  times  each  way ;  the  current 
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enters  at  />,  passes  from  A  to  C  by  means  of  e,  thence  to  B 
by  /,  and  out  at  n ;  both  e  and  /  are  parts  of  the  wire  form- 
ing the  turns  on  A  and  B. 

Another  method  is  to  place  the  bimdle  in  the  axis  of 
u  (.\>il  of  l>ure  copper  wire;  the  wire  should  be  well  insu- 
IhIihI  and  wound  on  a  tube  of  wood  or  glass  of  very  thin 
wulls;  the  lenjjth  and  diameter  of  the  tube  to  be  only  a 
\\\ih  nu)a*  than  those  of  the  bimdle  of  wires  to  be  mag- 
nctiiHHl:  a  tube  of  metal  is  likely  to  become  the  seat  of 
indvKVil  c\irrents  which  militate  against  the  magnetization. 

Thi*  i'lVicucy  of  a  helix  is  reckoned  proportional  to  the 
muuU^'  of  ami>6re-tums:  we  may  therefore  have  one 
;iiujK^lv  of  current  and  five  hundred  turns  of  wire;  or 
Wu  uiujh'^ivh  and  fifty  turns;  or  any  other  ntmiber  of 
v^uviH^u^«  and  turns  that  will  give  the  same  product;  and 
\W  iu'liou  of  all  is  said  to  be  the  same:  but  it  would  seem 
VlvU  tv>  niugnrti/^t?  hard-tempered  steel,  the  preference 
Nit^^vOvl  lu^  givrn  to  small  amperage  and  many  turns  of 
W^'s^  \\  iw  Htattul  that  high  tension,  and  not  quantity, 
i^nhIsuvw  tlu^  b<-Ht  results. 

WhiK^  ll*<^  ('urn*nt  flows  in  the  coils  of  wire  roimd  the 
j^^NS^I.  Ou^  /*'*«'^  <'/  f^*^^^  P*^^^  ^^  ^^  one  end  of  the  solenoid 
nMVs\  \^\\\  «^'  H'*^  ntlier,  arul  therefore  through  the  bimdle  of 

\\\  AUUli^h  101  and  192  a  theory  of  magnetism  is  set 
\V\\\\  i^^i^^llVi  '^  '^'  ^'"'^^  ^'^^*  atoms  of  matter  are  encircled 
U\  V^UVMlh  of  i^lrrl.ririty  -  that  the  magnetic  condition 
Ua^^U^\^^  HWMiih^ht  wluMi  the;  axes  of  these  molecular  cir- 
VH^^U  ♦^^^^  IuiiumI  111!  oru!  way — and  that  the  neutral  state 
.^.^^^ll^nn  Ihrii  ih<li?i<Timinatc  mixture. 

\\A\\  hMM|H»iin^;  iifid  magnetizing  give  a  violent  wrench 

.    iW  ^\uIih'mI«'*»  "'  'I  mass  of  steel — the  former  may  be 

4k  i^  1^^   lliiHM   »M4  a   ri^jid   conglomerate,   the  latter  to 

llttM^  i**l'*  ''   t^yinifK-trical  form;    and  it  would  seem 

y^^        \\s\\\,    hlj/li    l^-nsion   electricity   should   produce 
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the  best  effects^that  the-  sharp,  concentrated  blow,  not 
tbe  steady,  diffused  push,  were  needed. 

Both  set  and  blow  do  not  fall  equally  on  all  the  mole- 
cules; irrefjukrity  of  temper  and  magnetic  condition,  not 
only  from  wire  to  wire,  but  even  in  parts  of  the  same  wire, 
is  frequently  observed. 

The  magnetizing  should  always  be  done  in  the  same 
direction:  to  reverse  the  poles,  heats  the  steel,  which 
opposes  magnetization. 

Magnetizing  the  needles  is  the  most  important  step 
toward  producing  a  good  compass:  if  they  are  strong  they 
readily  overcome  inertia  and  friction  of  the  parts;  but, 
if  weak,  the  compass  will  be  unreliable— wabbling  with 
the  roll  of  the  ship,  and  perhaps  sticking  with  some  mote 
that  adheres  to  the  pivot. 

After  final  magnetization,  the  needles  should  be  laid 
aside,  north  poles  toward  the  Earth's  north  for  at  least, 
si."c  months  before  placing  them  in  compasses. 

225.  To  determine  the  relative  magnetic  strength  of  the 
needles.— Wlien  needles  for  a  lot  of  compasses  arc  required, 
an  order  is  given  the  manufacturers  (Messrs,  Ritchie  of 
Boston)  to  supply  them ;  and  many  more  than  the  number 
actually  needed  are  sent  to  the  Superintendent  of  Com- 
passes for  test  as  to  magnetic  strength :  the  best  are  selected, 
and  those  alone  used. 

The  needles  are  prepared  by  weight,  and  sometimes 
the  number  of  wires  in  a  bundle  varies  one  more  or  less; 
before  magnetizing,  each  bundle  is  tightly  encased  in  a 
paper  tube,  in  which  it  remains :  this  preparation,  as  well 
as  the  tempering  and  magnetizing,  are  done  by  the  maker. 

Upon  receipt,  the  needles  are  placed  in  grooves  in  wooden 
blocks,  like-poles  in  the  same  direction,  but  separated  by 
about  an  inch,  and  all  with  those  poles  toward  the  Earth's 
magnetic  north,  that  would  naturally  seek  it,  if  free  to 
move:    to  save  this  locution,  this  pole  of  the  needle  will 
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be  called  a  north  pole,  though  in  reality  it  is  a  south  pole, 
since  it  seeks  the  Earth's  magnetic  north:  it  is  the  pole 
that  is  marked  on  the  paper  case. 

At  first,  needles  have  a  higher  magnetic  charge  than 
they  will  retain,  but  it  dissipates — rapidly  in  some,  slowly 
in  others:  all  are  tested  in  the  manner  to  be  presently 
stilted — the  weaklings  are  rejected,  and  only  the  strong 
I^ut  aside  in  the  same  -way  as  before  for  further  trial.  This 
is  niiule  again  and  again  during  a  long  period,  according 
to  the  exigency  for  compasses,  imtil  the  necessary  number 
of  the  l>cst  possible  ones  are  obtained:  such  examination 
of  a  single  lot  has  extended  over  months. 

\\\\v\\  ncH.Hile  is  weighed  and  numbered,  and  a  record 
kt»pt  of  its  varying  strength  while  under  trial.  When 
(ttinlly  passed,  the  date,  weight,  and  strength  are  marked 
K\\\  Iho  pajKT  case.  The  four  needles  for  each  card  are 
\\\%}\\  si*lorlo(l,  placed  in  a  trial-card  in  the  exact  positions 
llu^v  will  finally  (xxupy,  and  tested  as  a  magnetic  system. 

Tho  principal  tests  of  magnetic  strength  are  by  the 
nuMluuls  nf  tt>rsion,  oscillation,  and  deflection. 

/  Uv  wciluki  by  Torsion  :  The  torsion  balance  has  been 
^|on%nlu»il  tH\  page  441 ;  the  principle  and  mode  of  using  it 
\y\  Wrx\  nrrtllos  will  nmv  be  stated.  The  instrument.  Fig. 
•>\^>\  P<*W  I  ^"'»  '^  cleared  of  magnets,  a  copper  bar  is  placed 
^^\  \\\s>  hhrrup,  the  susixMision  wire  freed  of  twist,  and  the 
».>\H\x  ^h*nuoiiM  i^f  the  circle  C  turned  into  the  magnetic 
^SHvMxl^iU^     prc\iiujsly    found   with    the    magnet   A^5  sus- 

n^>^  ^^MM^*'"  '****'  ^^  "*^^^'  replaced  by  a  needle:  it  settles 
.\m>n  \^^'  iM^^^uctu'  nuTidian,  and  to  deflect  it  to  any  angle  0, 
•  ^.^  >unU"  /•*  \\\\\^^  Ih*  turned  in  azimuth  to  some  angle  ^, 
*\*    \  -^     ''^*''  ***^^^'^*  **^  U^i'sitm  is  thcji  (<f>  —  0), 

,  .^  >h»^\\h  i»n  piif»c  .\.\2  that  the  force  of  torsion  is 
vx.  s. -...^^^  »1  *^^  'l««*  aii^»lc  of  torsion;  and  on  page  295, 
■v        i,    ^ix^vMuul   uiK»n>;  i»  dclloolod  needle  back  to  the 
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meridian  k  m'./.J7.sin  Q\  this  is  proportional  to  the 
sine  of  the  angle  of  deflection,  since,  for  the  same  magnet 
at  the  same  time  and  place,  m'  .l.H  is  practically  constant. 


Fin.  371. 

When  the  needle  is  balanced  between  the  force  of  torsion 
and  that  of  the  Earth's  magnetism,  we  have 

m'.l.Hsmd  =  {^-e) (i) 


(^-ff) 


■.l.H, 


(2) 


and  this,  according  to  experiment,  is  constant  (whatever 
the  values  of  ^  and  I?)  with  the  same  needle  and  suspen- 
sion wire. 

But  now  if  we  make  d  constant,  that  is,  test  all  needles 
at  a  specific  deflection,  the  angle  ^  will  probably  vary 
with  each  needle,  since  they  are  of  different  lengths  (l) 
and  powers  (m');  and  by  (2),  H  being  constant  for  the 
same  time  and  place,  we  thus  determine  the  magnetic 
moment  (m' .1)  of  each  needle  from  the  variation  of  the 
angle  of  torsion,  (0  —  0). 

This  method  is  liable  to  small  errors  which  are  set  forth 
on  page  446;    they  are  negligible,   however,   for  testing 
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compass  needles,   but  the  method  is  slow  and  tedious, 
though  accurate. 

The  method  of  oscillation:  The  principle  is  this:  if  a 
needle  be  suspended  horizontally  by  a  fine  wire,  and  set  in 
motion,  it  will  oscillate  slowly  or  rapidly  according  to  its 
own  magnetic  strength ;  and  the  square  of  the  number 
of  oscillations  in  a  given  time  is  an  index  of  such  strength; 
if  several  needles  of  identical  weight  and  form  be  oscillated  in 
the  same  magnetic  field,  the  square  of  the  number  of  ■ 
oscillations  of  each  is  therefore  an  index  of  its  strength.  " 
But  in  any  lot  of  needles  there  is  a  slight  variation  both  of 
weight  and  form,  and  as  tliesc  enter  as  factors  into  the 
moment  of  inertia  to  influence  the  rate  of  oscillation— 
irrespective  of  the  magnetic  ciiarge — this  method  is  not 
suitable  for  compass  needles ;  besides,  it  is  slow  and  tedious. 

Defiection^the  Tangent  method:  The  method  by  de- 
flection, on  the  contrary,  is  expeditious,  easy,  and  sus- 
ceptible of  great  accuracy:  its  analytical  investigation 
has  been  given  in  connection  with  Figs.  272  and  274,  and 
its  practical  performance  described  on  pages  274,  275, 
and  425 ;  but,  as  it  is  the  method  used  for  testing  compass 
needles,  it  will  be  treated  specially  here. 

Figs.  373  and  374  illustrate  the  principle  of  the  pro- 
cedure, and  Fig.  375  the  instrumental  means  of  carrying 
it  out — a  suggested  variation  of  an  instrument  already  in 
use.  The  parts  of  Fig.  375  will  first  be  named — their 
use  is  obvious:  G  is  a  long,  thick  board  mounted  on  foot- 
screws,  A",  with  levels  at  D ;  fi  is  a  short  cylindrical  vessel, 
prt'ferably  glass,  set  in  a  recess  of  the  board ;  it  is  covered 
b>'  a  glass  plate  from  whose  center  the  tube  T  rises,  con- 
taining the  suspension  wire  pendent  from  the  screw  5; 
on  ttn  inner  projecting  ledge  of  the  vessel  B,  there  is  a 
ciKfc  C.  graduated  to  10'  of  arc:  the  magnet  M  fit  inches 
tuu^l  has  aluminum  pointers  extending  over  this  circle — 
A  ia  shown  aiKirt  at  M' ;    L,  L  are  lenses  for  observing 
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the  pointers  and  circle — they  are  attached  to  a  ring  //, 

movable  in  azimuth  on  a  rim  of  5 ;  0  is  a  little  carriage 
H 

A 


Fig-  373- 

(with  a  groove  in  the  middle)  for  supporting  the  needle, 
which  should  be  on  a  level  with  the  magnet  M;  the  car- 
riage slides  on  rails  and  has  a  pointer  P  to  indicate  the 


Fig.  374. 

distance  in  inches  (£),   or  centimeters   (F),   trom  center 
to  center  of  needle  and  magnet. 

The  procedure  of  test  is  this:    all  iron  being  removed 
from  the  instrument    and  its    vicinity,   it  is  leveled  and 
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atljusted  at  right  angles  to  the  magnetic  meridian,  so 
that  the  magnet  -1/  shall  hang  in  the  meridian  when  its 
suspension  nnre  is  free  of  twist  and  the  pointers  are  at 
0°  of  the  circle ;  the  carriage  is  set  at  the  distance  decided 
upon  for  all  needles  of  the  same  length;  one  of  these  is 
placed  on  the  carriage,  and,  the  deflection  of  M  noted  and 
reconled  with  the  number  of  the  needle;  the  latter  is 
turned  end  for  end  and  the  deflection  again  noted  and 
recorded;  the  mean  of  both  angles  is  taken,  and  the  tan- 


gent  of  this  mean  deflection  is  an  index  of  the  needle's 
strength — compared  with  others  tested  at  the  same  time 
and  place. 

Care  must  be  taken  to  keep  the  pointers  at  o°  of  the 
circle,  for  there  will  be  fluctuation  about  it,  due  to  the 
diurnal  change  in  the  Variation:  from  g  to  ii  a.m.  is  the 
best  time  to  test  needles. 

One  advantage  of  this  method  is  that  the  needle  being 
across  the  Earth's  field,  it  is  not  affected  by  this  in  the 
direction  of  its  axis,  and  hence  the  magnetism  of  the 
needle  alone  is  determined;  but  the  method  is  liable  to 
errors  whose  sources  will  now  be  stated. 

Consider  an  extreme  case — Fig.  373,  and  let  it  repre- 
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sent  actual  dimensions  of  magnet,  needle,  deflection,  and 
distance;  that  is,  nV=3o  mm.,  n5  =  10  mm.,  ^  =  25°,  and 
A 5=90  mm.,  or  the  distance  from  center  to  center  of 

needle  ns  and  magnet  w'5'  is  three  times  the  length  of  the 
latter. 

The  directive  force  of  the  Earth's  magnetism  may  be 

represented  by  AF  and  the  resultant  force  of  ns — either 

a  push  or  a  pull  according  to  the  pole  presented — ^by  n'F, 

the  magnet  n's'  resting  in  equilibritun  between  both;   AF 

remaining  constant  throughout  the  period  of  test,  n'F 
may  alone  change  with  each  needle,  giving  a  new  value 
to  ^:  if  the  forces  were  at  right  angles  to  each  other,  we 
should  have  F=£  =  9o°,  and  then 

tan^  =  -7=r-^^. (3) 

AF    AE 

This  is  the  condition  assumed  in  making  the  tangents 
of  deflection  represent  the  relative  strength  of  the  needles. 

But  the  angle  E  is  slightly  acute  and  F  correspond- 
ingly obtuse,  hence  the  actual  performance  is  in  error 
to  the  extent  of  this  inaccuracy. 

Again,  supposing  the  resultant  strength  of  ns  located 
at  its  middle  point,  we  should  have,  by  the  law  of  inverse 

squares,  for  the  force  it  exerts  at  the  point  ^4,    ^^  ^\  at  the 

AB 

point  «',  ^::;-5;   and  at  the  point  s\  ■t:;^,'*   ^he  effect  of  ns 
n'B  s'B 

on  each  pole  of  «'5'  should  be  the  same,  or  the  sum  of  both 
effects  should  be  double  that  on  one  pole,  or  double  the 
effect  at  the  point  A ,  that  is. 


n'B^  +  s'B^^2AB^ (4) 
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But  with  numerical  values  deduced  from  the  dimen- 
sions given  above,  and  introduced  into  equation  (4),  we 
should  find  a  diflference  between  its  two  members,  and  this 
indicates  the  second  source  of  error.  A  third  is,  that  the 
push  or  pull  exerted  by  the  needle  B  on  the  magnet  A  is 
oblique  to  the  latter's  length. 

All  these  errors  inxrease  with  greater  lengths 

of  wv,   larger  values  of   0,  and  shorter  distances 

OF  B  FROM  .4. 

But  now  consider  Fig.  374,  where  the  same  needle  is 
at  B,  but  deflecting  a  much  shorter  magnet  at  A — only 

10  mm.  long,  and  hence  AB  is  nine  times  the  length  of 

wV;    d  remains  the  same.     Considering  the  dimensions  of 

Fig-  374  ^s  actual,  measuring  WB  and  s!B^  and  introduc- 
ing their  numerical  values  into  equation  (4),  w^e  should 
find  the  difference  between  the  two  members  of  the  equa- 
tion less  than  half  the  amount  of  the  previous  case;   and 

the  action  of  ns  upon  w'5'  is  more  direct — nearly  realizing 
the  requirement  of  (3).  The  value  of  0  is  still  abnormally 
large:  reduced  to  angles  usually  employed — say  8°  or 
10° — it  further  approximates  the  method  to  acciuacy — 
makes  it  substantially  correct. 

The  co)tditions,  then,  that  not  only  conduce  to  accuracy, 
btit  are  essential  to  it,  are:  a  short  deflected  ntagnet;  small 
angles  of  deviation;  a)id  long  dista)tces  between  centers  of 
magnet  and  needle,  that  is,  long  compared  unth  the  length  of 
ilie  deflected  magnet,  . 

The  method  by  Torsion  is  accurate,  and  in  order  that 
the  method  by  Deflection  may  be  appreciated  to  its  full 
value,  a  comparison  of  both  will  be  made  in  Table  29 — 
taken  from  Dr.  Scoresbv. 

The  magnets  used  were  all  of  the  same  length — six  inches 
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■                                                 Table  29.                                                      H 

V  COMPARISON     OF     TANGENT-DEFLECTION     AND    TORSION    AS               H 
1              METHODS  OF  DETERMINING  THE  STRENGTH  OF  MAGNETS,                      H 

Weight  ;n 
Grains. 

TANG.NT  MbIHOD, 

-"-        1 

Di,Unce  from  df Hwlcd  n«dl* 
—  14  in.  — 4  lengths  of  nuienet. 

P              M^'t. 

RrlBtivc 
Strrnalh, 

Orfl«t?m. 

Tansenl. 

Relalivi. 
Masnctic 

1                      ''' 

(.) 

(1) 

(4) 

(5) 

10) 

[;) 

I 

I 

(Hi! 

318 

■  7-  (8' 

jjft 

iS.7 

48.0 
.18.4 
J*.. 

1 

":* 

— but  of  diverse  mass,  form,   and  strength:    bars,  plates, 
and  needles — all  hardened  steel. 

The  following  is  a  particular  description  of  them,  the 
numbers  corresponding  to  col.   (i)  of  table  29:    i.  com- 
bination of  24  bars;    a.  the  same,  with  power  reduced  by- 
placing  a  thin  plate  in  reversed  polar  order  between  the 
bars  as  shown  in  col.   {2}  by  its  minus  weight  {-318); 
J.  same,    power  further   reduced    by   inserting  two   thin 
plates  reversed  {-640);  4.  combination  of  twelve  plates; 
5.  a  solid  bar  'of  one  half  inch  cross-section;    6.  a  solid 
bar,  one  half  inch  wide,  one  eighth  inch  thick;    7.  a  plate, 
one  half  inch  wide,  one  sixteenth  inch  thick;  and  8.  a  thin 
needle,    three    eighths   inch    wide.     Considering    the   first 
value,  324,  of  col.  (4)  and  that,    48,  of  col.  (6),  each  as  100, 
the  other  numbers  of  each  of  those  columns  become,  in 
proportion  thereto,  the  numbers  of  columns  (5)  and  (7} — 
that  is,  the  magnetic  powers  of  the  respective  magnets; 
and  it  -will  be  perceived  how  closely  these,  cols.  (5)  and  (7), 
agree  for  the  same   magnet,   notwithstanding  the  differ- 
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ence  in  weight  and  composition  of  the  several  magnets, 
the  diversity  of  deflection  produced,  and  the  varied  degrees 
of  torsion  required  to  deviate  each  by  the  same  amount. 
Deflection — the  sine  method:    The  condition  expressed 

by    equation     (4)  may    be    fulfilled    by   moving    ns   in 
azimuth,  while  deflecting,  tmtil   its   axis  is  perpendictdar 

to  that  of  nV,  Fig.  376,  when  n^B  equals  s^B:   then  by 
Trig. 


Fio.  376. 
AFin^^sin  An'F :  sin  d, 


(5) 


whence 


-71.      AF.  sine 
n  F  =  -  r 


sin  An'F 


(6) 


With  needles  of   varying   strength  but   of  the   same 
length,  successively  placed  at  5,  and  at  the  same  distance 

bom  A,  the  angle  An'F  will  be  constant;  AF,  the  hori- 
yy^l  intensity,  may  be  considered  constant  for  the  period 
^  %^  SO  that  d  alone  varies,  thus  giving  different  values 

dtlff'far  the  strength  of  the  needles. 
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This  is  an  accurate  but  inconvenient  method,  for  it 
necessitates  turning  the  board  G,  Fig.  375,  with  every 
needle  tested. 

For  needles  of  identical  form,  length,  and  mass,  the 
method  by  Oscillation  is  absolutely  correct:  an  example 
will  therefore  be  given  in  Table  30,  from  Scoresby,  of  the 
Table  30. 


Tanoiint. 

s... 

Mean 

Tangent. 

IS 

M«n 

Relative 
Str™g^ 

(!) 

(.1 

(3) 

[4I 

(S) 

(«) 

(7> 

8   )B 
3    ]« 

'i;! 

'lis;; 

.l»4(i' 

"i\ 

ii 

trial  of  the  same  four  magnets  by  Tangent-deflection, 
Fig.  374,  by  Sine -deflection,  Fig.  376,  and  by  Oscillation. 

The  magnets  were  hard  steel  bars,  i  inch  cross- section, 
6  inches  long,  seasoned,  and  as"  like  as  possible,  except 
in  power;  all  were  tried  at  the  distance  of  igj  inches  from 
the  center  of  the  deflected  needle;  col.  (1)  contains  their 
designations,  and  cols.  {4)  and  (7)  are  derived  from  {3) 
and  (6)  in  the  same  way  that  cols.  (5)  and  (7)  of  Table  29 
were  from  cols.  (4)  and  (6)  of  (/io(  table. 

It  win  be  seen  by  cols.  (4)  and  (7),  Table  30,  that  the 
two  methods — Tangent  and  Sine — give  almost  identical 
strength  for  the  same  magnet. 

Bar  A  was  oscillated  twice:  first,  immediately  after 
having  produced  the  deflections  opposite  /!,;  and  second, 
just  after  those  opposite    .4,  —  its  strength  having  been 
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artificially  reduced  after  the  iirst  oscillation  experiment. 
The  results  of  both  oscillations  are  given  opposite  A^  and 
Ai\  and  the  corresponding  powers  of  the  magnet  are  to 
each  other  as  the  squares  of  the  number  of  oscillations: 
assuming  for  the  greatest,  loo,  as  in  the  other  cases,  we 
have 

fy.Qi)'  :  (4.2)'  =  100  :  x  =  100  :  28.19, 

and  this  value  (28.19) — the  magnetic  strength  at  the 
^uc^md  trial,  is  almost  the  same  as  its  values  opposite  ^4, 
by  the  Tangent  and  Sine  methods. 

Thus  it  has  l>een  established  by  comparison  with  other 
midhods  of  undisputed  accuracy,  and  for  magnets  dif- 
Ofring  in  every  way,  that  the  Tangent  method  is  worthy 
(ff  itniint  confidence,  provided  the  essentials  to  accuracy 
her  if  to  fore  stated  are  observed. 

In  <'onn<*(lion  with  Figs.  373  and  374,  it  was  stated 
that  l]ii*  n-sultant  of  VK)th  poles  of  B  was  supposed  located 
til  il.t>  d'nU-r:  tlie  real  state  of  the  case  will  now  be  stated. 

i'n\t\t\  a  sinall  mass  of  steel  be  imbued  with  magnetism 
o(  ittir  kind  only-  a  single  pole — its  effect  at  any  point 
would  Vi'iiy  inviTst'ly  as  the  square  of  the  distance  there- 
h'nin;  l/«it  in  rv<Ty  magnet  the  two  poles  are  inseparable, 
nnd  JIm'  U'tiiU'm  y  of  tlic  remote  one  is  to  nullify  the  effect 
nl  iIm-  n«'/ir  '>n<'  not  even  in  a  constant  ratio,  but  in  an 
ln«  r»'MhinK  nuf  with  <-vcry  remove  of  the  magnet  from  the 
|Mt|nt  »H  l»'d  iipon.  Consider  the  removal  to  be  by  mul- 
{\\\\vu  ul  Ih*'  ni;irjH't's  own  length,  and  that  each  pole  has 
\\\\^  NiiliM'  nnily  th<'n  when  the  near  pole  is  one  length 
1\\M\\  U  polnl,  iIm-  h  inotc  one  is  two  lengths  from  it,  and     ' 

\W  y'^Ws'^^  '••  ♦••'  ''  I'"'''  ''^   ^l'*-  point  is  —  and     ji   and  the 

<^$mJmhI  HI»'»  1    h^      ,        V     »  '\\    when   the  near  pole 

'  't      4 

^K^V^l\U»»  MWiiv,  ihf  ivmoU;  one  is  three  lengths,  and 


the  resultant  effect  is 


3      4     9 
three    lengths'    distance    of    near    pole   we    have 


similarly,    for 


117  ,    t        f  ITIIQ 

-  — ^="  — ;    and  for  four,  — : i^^r =■ — ■;  or, the 
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resultant  effect  of  a  real  bar  with  two  poles  and  tliat  of 
an  ideal  bar  with  one  pole  at  the  same  distance  are  repre- 
sented by  these  two  series: 


rcal  = 


36- 


(7) 
(8) 


In  the  foregoing  calculation  the  poles  are  supposed  to  be 
at  the  very  ends  of  the  bar,  but  such  is  not  the  case ;  they 
are  a  little  inside  the  ends,  not  enough,  however,  to  vitiate 
the  computations. 

In  1882,  while  the  writer  was  Superintendent  of  Com- 
passes, wires  were  introduced  to  replace  the  long,  thin 
plates  that  had  been  used  for  compass-needles;  and  the 
weights,  lengths,  and  positions  (upon  the  card)  of  the  new 
wire-needles  were  decided  upon;  the  distances  at  which 
the  needles  were  to  be  tried,  were  also  fixed,  but  not  the 
angle  of  deflection,  A  certain  maximum  deflection  was 
always  kept  in  view,  however,  and  the  effort  was  not  only 
to  attain  this  for  every  needle  accepted,  but  to  surpass 
it :  this  elastic  limit,  if  one  may  so  call  it,  was  an  incentive 
to  improve  every  lot  of  needles — each  to  establish  its  own 
maximum,  but  never  to  fall  below  the  Iiighest  average 
of  previous  lots. 

In  order  to  form  an  idea  of  a  standard  of  magnetiza- 
tion, consider  (as  is  practically  the  case)  that  one  of  the 
wires   of   which   our   needles   are   composed,    is   uniformly 


fW  MASl^'VPACTVfE  OF  TBE  COMFASS. 

riagjoetized  tircnagjicnit :  if  serersJ  saci  ttots  be  ^^r^tjud 
rrUy  a  Inridi:,  or  if  a  sc2gie  ni^e  be  cut  imo  diSertaii  lengths^ 
it  'y%  trv'id«n  liiat  tbt  iiiagnetic  mcaiect  c*f  eitber  bundle 
<'>r  ler^Ji,  ciriot^c  b>'  its  vohame-  urill  gr^-e  a  coostaat;  aixl 
t?-rit  cojistam  is  caLe^  the  ifUensUy  oj  fnaznetizsiiem  of  the 
tJUf/stawoe:  it  niay  be  estijriated  in  C.G.S.  uviiis  per  gram 
of  «t*jel,  ajyi  ?jas  been  found,  by  triaL  to  be  a  maxinmni 
in  «t/w:l  'R'jre  tempered  gjass-hard.  and  of  which  the  lei^th 
«&r;eedij  tbe  diameter  bv  sixt^'  times:  such  wires  retain 
their  permanent  magnetism  almost  tmimpaired. 

By  varibd  experiments  with  magnets  differing  in  every 
way — length,  widths  thickness,  and  power — ^and  using  both 
the  Tangent  and  the  Torsion  method  for  the  same  mag- 
netic, t^>  confirm  his  deductions,  Scoresby  established  the 
foIV/wing  law  for  determining  the  powers  of  magnets  of 
similar  form: 

P^P'tanO; (9) 

in  which  P  is  the  power,  /  the  length  of  the  magnet,  and  d 
the  defleclion  it  produces:  magnets  are  to  be  tried  at  dis- 
tances ]n'0]xjrtifjnal  Uj  their  own  lengths,  from  the  deflected 
nee^lle. 

Inculentally,  from  these  experiments,  two  facts  came 
fiTominently  out:  first,  that  small  magnets  were,  without 
exception,  stronger,  for  tlieir  si?^,  than  large  ones  to  which 
th<fy  were  jn'ojx^rtional  in  linear  dimensions;  and  second, 
that  the  jx^wers  of  the  several  magnets  were  almost  iden- 
tical by  lx)th  mcthrxls  of  test — Tangent  deflection  and 
'i'orsion-  thus  again  proving  the  reliability  of  the  deflec- 
tion mcth^Kl, 

lyonji  j)rcvious  to  Scoresby,  however,  Coulomb  ex- 
];ressc<l  the  law  in  general  terms — that  the  magnetic 
moments  of  magnets  are  pnjpr^rtional  to  the  cubes  of  their 
homologous  climensions;  and  this  he  proved  by  extensive 
exi>cTiiTicnts  with  the  torsion  balance  in  the  manner  already 
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described,  and  with  a  great  number  of  solid  bars  of  diverse 
form,  cut  from  the  same  mass  of  steel. 

As  another  part  of  Coulomb's  work  bears  directly  on 
our  wire-needles  for  compasses,  an  account  of  it  will  be 
given. 

He  selected  a  length  of  1 20  feet  of  very  pure  wire  just 
as  it  left  the  filiere — a  heavy  plate  pierced  with  holes  of 
varied  size  through  which  the  wire  is  successively  draum 
until  it  is  of  the  required  diameter.  The  wire  was  cut 
in  different  lengths,  and  each  piece  twisted  about  its  axis 
while  it  was  kept  stretched  by  a  weight  at  the  lower  end: 
this  twisting  was  a  means  of  hardening  it — a  kind  of  tem- 
pering. The  wires  were  then  magnetized  to  saturation, 
and  tied  in  bundles  of  different  length  and  different  diam- 
eter, by  fibers  of  silk.  Each  bundle  was  tried  in  the  torsion 
balance  by  deflecting  it  to  the  same  angle  from  the  meridian 
by  twisting  its  suspension  wire.  The  general  result  of 
these  experiments  was,  that  for  bimdles  of  similar  form, 
the  magnetic  moments  are  proportional  to  the  cubes  of 
the  homologous  dimensions. 

In  the  test  of  needles,  they  should  never  be  subjected 
to  undue  strain — more  than  they  ■will  experience  in  ser- 
vice; for  it  needlessly  injures  them. 

226.  Mutually  destructive  influence  of  magnets.^lf  a 
charge  of  static  electricity  be  communicated  to  the  inside 
of  a  spherical  shell,  it  will  speedily  find  its  way  to  the  outer 
surface;  if  a  current  of  electricity  be  sent  through  a  cable 
composed  of  many  strands,  it  will  flow  first  in  the  outer 
wires,  because  induction  impedes  its  rapid  growth  in  those 
near  the  core;  if  a  steel  magnet  be  immersed  in  acid,  it 
will  be  found  to  have  lost  most  of  its  virtue  when  only  a 
moderate  layer  has  been  dissolved  away ;  and  if  a  number 
of  bar  magnets- — cut  from  the  same  mass  of  steel,  tempered 
and  magnetized  alike — be  tested  for  strength,  first  indi- 
\iduaUy,  and  then  collectively  (up  to  any  number  bound 
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together),  it  will  be  found  that  the  power  of  the  com- 
bination is  not  the  stun  of  the  indi\'idual  powers,  but  much 
less;  and  that  when  the  group  is  broken  up  and  all  tested 
singly  again,  it  will  be  fotmd  that  they  have  lost  strength — 
variously — some  falling  off  to  almost  nullity,  and  others 
having  their  poles  reversed — and  generally  the  weaklings 
are  those  that  occupied  the  middle  of  the  group,  while 
the  outer  layers  almost  invariably  suffer  least:  these  facts, 
established  by  experiments  of  the  most  eminent  investi- 
gators, prove  the  tendency  of  the  electromagnetic  condi- 
tion to  seek  the  surface  of  bodies ;  or  rather,  the  tendency 
of  the  condition  to  neutralize  itself  in  the  inner  recesses 
of  its  abode. 

The  fact  is  indisputable,  so  that  only  a  few  typical 
cases  will  be  adduced  to  illustrate  it  and  pave  the  way  to 
showing  the  effect  in  the  combination  of  wires  to  form 
needles,  and  of  these  to  constitute  the  directing  power  of 
the  compass-card. 

Consider   Table    31    from   Scoresby:    The   magnets   of 

Table  31. 

RATIO  OF  INXREASE  OF  MAGNETISM  WITH  MASS  IN  SOLID  BARS. 


Desiflrna- 

Weight  in 
Grains. 

(3) 

Highest  Power. 

Reduced  Power. 

Tenacity  of  Hold 
Upon  Magnetism. 

lion  of 
Magnet. 

Mean 
Deflection. 

Tangent. 

Mean 

Deflection. 

Tangent. 

Differ- 
ence of 
Tan- 
gents. 

Loss 

percent. 

(i) 

(0 

(4) 

(5) 

(6) 

(7) 

(8) 

E 

zt^So        1       ^^^    20'    ,           701 

F 
G 
// 
K 

1404 

7/S6 

'       M        50 
27       14 

;    14    i> 

ID        00 

1 

621 

514 
2^4 
176 

28*    15' 
2?      54 
I      50 
0     50 

537 

443 

10 

161 

84 

-r 

235 

IS 

135 
13.8 

92.5 

8.5 

col.  (i)  were  solid  bars — each  six  inches  long,  one  half 
inch  wide,  and  ..V,  -j\y,  J,  |,  and  \  inch  thick,  respectively, 
thus  forming  a  regular  series  whose  volumes  bore  the 
constant  ratir)  2 :  they  were  tempered  hard,  magnetized 
to  saturation,  and  tested  at  a  uniform  distance  of  twelve 
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inches;  if  the  power  increased  as  the  mass,  the  quantities 
in  col.  (4)  should  form  a  series  with  a  constant  ratio  2; 

but  this  is  not  the  case — far  from  it;    magnet  E,  which 
has  seventeen  times  the  mass  of  A',  should  cause  a  deflec- 
tion whose  tangent  is   176X17  =  2992.  whereas  it  is  only 
791.     After  producing  the  deflections  of  col.  {3),  each  bar            • 
was  placed  with  its  sides  successively  in  contact  with  a 
powerful  magnet:    this  tested  the  hold  it  had  upon  its 
magnetism;    col.  (6)  shows  the  result— all  lost,  and  mag- 
net H  made  such  little  resistance  as  to  part  with  92  per 
cent.  (col.  8). 

The  increase  of  power  with  mass  in  lamhuiied  magnets 
is  shown  by  Table  32,  from  Coulomb. 
Table  32. 

Number  'if  ytous  logHher. 
Angle.  oiloiHon 

.:•   ,;>• 

.;.• 

..        1 

From  a  long,  thin  sheet  of  steel,  2 1  mm.  wide,  sixteen 
plates,   each   162   mm.  long,   were  cut:    they  were  mag- 
netized to  saturation,  and  bundles  formed  by  successively 

placing  3,  3,  4 16  plates  side  by  side,  and  testing 

each  bundle  in  the  torsion  balance. 

The  first  line  shows  the  number  of  plates  in  combi- 
nation;   and   the  second,   the   torsion   required   to   deflect 
the  bundle  30°  from  the  meridian.     If  the  power  were 
proportional  to  the  mass,  the  final  bundle  should  require 
a  torsion  of  82°X  16  =  1312"  to  deflect  it  30°,  instead  of 
229°  only,  as  it  did.     On  taking  the  last  bundle  apart 
and  testing  each  plate  separately,  it  was  found  that  the 
outside  one  was  strongest  and  the  middle  weakest,  with 
quite  a  regular  gradation  between. 

In  order  that  it  may  not  be  inferred  that  the  destruc- 
tive effect  is  due  to  size  (the  magnets  used  for  Tables  31 
and  32  being  small),  the  following  experiments  by  Scoresby 
are  cited;  they  relate  to  heavy  12-inch  bars,  alike  in  cross- 
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section  and   of  the  hardest  steel.     Ten  were  placed   in 
combination    by  adding  one    at  a   time,    and   observing 

the  deflection  produced  by  the  growing  pile  at  a  distance 
of  24  inches:      i   bar  =  i9°5';     2,=2f2o'\     4,  =39°  20'; 
6,  =46°  ao';    8,  =48°  30';   and  10,  =48°  50'.     Again,  with 
■             eight  selected  bars  of  the  same  kind:    i  bar  =  i9°  5';    2,  = 
30°  2o';  4.  =4r''Q':  6,  =47°  4o';  and  8,  =51°  34'.     While 
the  destructive  effect  is  prominent,  it  is  also  most  notice- 
able how  small  the  increment  of  magnetism  is  from  two 
heavy  bars  in  the  final  groups — in  the  first  case  only  that 
represented  by  20'  and  in  the  second  by  3*  54',   whereas 
these  bars  of  themselves  should  each  produce  a  deflection 
of  about  19°. 

The  tendency  of  magnetic  power  toward  a  limit,  even 
while  the  mass  goes  on  increasing  by  equal  amoimts.  is 
forcibly    illustrated    by    Table    33,    from    Scoresby.     The 
Table  33. 

No.  of 

PtaW. 

Older  □(  ComtriMtion. 

RAtiouf  Increase  u[P<<vrer.                       fl 

Direct. 

Conv«K. 

a.;' 

ually. 

byC^m- 

Deflec- 

Tan. 
gmt 

DeflK- 

T«i. 
Hont. 

s;,;^' 

(<) 

(") 

(j) 

(4) 

(O 

{6) 

(7) 

<S) 

(0) 

i 

■  6° -8 
38:1 

63  !l 

too* 

loSo 
.oj6 

.6'.  J 

% 

136 

IS 

ii 

itAo 

JDOO 
J4S0 

1S4» 

magnets  designated  by  number  in  col.    (i)   were  plates 
24  inches  long,  i.g  inches  wide,  and  0.042  of  an  inch  thick; 
they  were  tempered  hard  and  thoroughly  magnetized.     In 
order  to  subject  them  to  uniform  violence,  a  pile  was  made 
of  the  whole  number,  and  this  was  varied  so  that  those 

^^H 

■ 

^^H 

^^H 

^^^^^^H 
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on  the  exterior  interchanged  place  with  those  in  the  middle, 
the  top  with  the  bottom,  and  one  side  with  the  other. 
They  were  then  numbered,  each  tested  at  one  length  from 
the  deflected  needle,  and  a  record  made  of  the  deflections; 
these  varied  between  15°  and  18°.  Next,  the  plates  were 
,  magnetized  anew  and  tried  as  recorded  in  Table  33 — 
that  is,  the  strongest,  No.  i,  was  placed  at  the  distance 
of  one  length  from  the  deflected  needle,  producing  the 
deviation  i6''.8  of  col.  (2);  the  next  plate  in  strength, 
No.  2,  was  laid  upon  the  first,  and  the  deflection  increased 
to  39°.3;  and  thus,  plate  by  plate  in  the  decreasing  order 
of  power  was  added  until  the  last  and  weakest.  No.  13, 
was  on  the  pile,  when  the  whole  deflection  reached  only 
fi^.A-  The  pile  was  now  broken  up  and  again  formed, 
but  in  the  converse  order,  from  weakest  to  strongest,  with 
the  result  shown  in  col.  (4).  The  mean  of  cols.  (3)  and  (5) 
is  col.  (6) ;  col.  {7)  shows  the  increment  of  power  due  to 
each  added  plate,  and  it  will  be  noted  how  small  this  is 
toward  the  end — the  increment  of  No.  2  being  248,  whereas 
that  of  No.  1 2  is  only  74 ;  these  increments  are  the  difTer- 
ence  between  the  successive  tangents  of  col.  (6).  Indi- 
vidually, the  plates  under  test  exhibited  much  uniformity 
of  strength:  the  average  of  the  deflections  was  16°  10', 
tangent  290;  assuming  this  as  a  basis  and  that  each  plate 
varied  but  little  from  the  average,  they  should,  when 
added  one  at  a  time  to  a  pile,  produce  deflections  whose 
tangents  are  given  in  col.  (8)  1/  no  deslructive  influence 
were  at  work;  but  there  was,  and  the  difference  between 
cols.  (6)  and  (8),  given  in  col.  (9),  shows  the  enormous 
destructive  influence  due  to  combination. 

tAs  between  solid  and  laminated  magnets,  the  following 
comparison  (data  taken  from  Scoresby)  leaves  no  doubt: 
a  single  bar  weighing  6.23  lbs.  produced  a  deflection  of 
54°  12';  a  magnet  from  the  same  steel,  of  similar  dimen- 
sions, tempered  and  magnetized  like  the  first,  and  weigh- 
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ii%  6.15  lbs.,  but  composed  of  fifteen  plates,  produced  a 
deflectioa  of  64°  30'  at  the  same  distance. 

To  make  a  qmil^T-  comparison  for  solid  cylinders  and 
tabes,  Daguin  states  that  N'obili  tried  two  cylinders  from 
the  same  steel,  of  the  same  length  and  exterior  diameter, 
tempered  and  magnetized  alike,  bat  one  solid  and  the 
other  bored  out;  the  latter  produced  a  deflection  of  19", 
vfaile  the  former  only  9".  5  at  the  same  distance,  although 
the  solid  cylinder  had  almost  double  the  weight  of  the 
boDow  one:  also,  that  De  Haldat  varied  the  experiment 
fay  magnetizing  a  tube  by  means  of  electricity;  ist,  when 
empty,  ^.  when  closed  by  a  lightly  htting  solid-steel  rod, 
and  5d.  when  compactly  filled  with  iron  filings;  the  mag- 
DctK  power  was  the  sante  in  all  cases,  hence  the  empty 
tube,  as  beii^  lightest  for  the  same  cflect.  had  the  advan- 

Tbe  effect  has  been  tried  of  separating  the  plates  in 
a  bundle:  thirt>',  as  like  as  possible  in  G\-er>'  respect,  were 
pfaced  in  (»e  pile  so  that  their  sm-faces  touched,  produc- 
ing a  d^ectkn  of  3$°.$-.  then  little  blocks  of  wood,  0.14 
rof  an  inch  thx^.  were  interposed  between  e\-er\'  two  plates 
kd  the  pile  thus  fonned.  produced  a  deflection  of  35°. 5 — 
■1  iras  to  be  expected. 
^'  Fnxn  the  foregoing  facts,  two  principles  stand  clearly 
forth  to  guide  in  the  attamment  ci  the  greatest  power  in 
ooaipass  needles:  first,  they  sboald  be  built  of  parts — 
not  a  solid  mass;  and  second,  these  parts  should  come 
in  contact  as  httW  as  possible. 
Separatkm  by  blocks  only  introduces  dead  weight — 
a  drag  equal  to  the  increased  effort,  besides  forming  a 
clumsy  mass  for  attachment  to  the  card. 

Since,  then,  actual  contact  is  unavoidable,  that  form 
cf  etanent  which  will  bring  the  fewest  points  in  touch, 
fe  the  best;  and  this  is  a  cylinder:  and  by  reducing  its 
diameter  to  the  snuiikst  jiracticable.  we  partly  attain  the 
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ad'7antage  of  the  tubular  magnet,  without  boring.  Indeed, 
when  the  needle  is  formed  of  several  wires,  it  is  as  if  we 
had  a  tube  of  many  cores;  and  even  in  the  actual  case, 
contact  exists  only  along  mere  surface  threads  of  the 
wires. 

Therefore,  the  wire  realizes  the  best  form  and  size  for 
the  primary  element;  and  besides,  it  can  be  tempered 
harder  and  more  uniformly,  and  magnetizeri  more  thor- 
oughly than  plates  or  other  masses. 

Experiment  has  shown  that  the  ratio  of  diameter  to 
length  in  a  rod  of  best  steel,  temper,  and  magnetization, 
is  a  factor  in  the  effect  of  a  temporary  magnetic  field  upon 
it:  when  this  ratio  is  about  lo — that  is,  a  magnet  com- 
paratively short  and  thick^ — the  effect  is  considerable;  but 
with  a  ratio  of  60  and  upward— in  reality  a  long,  slender 
magnet^the  induced  effect  is  imperceptible:  the  wires 
for  the  two  sizes  of  needle  of  our  compasses  have  dimen- 
sional ratios  of  70  and  84  respectively:  and  as  they  are 
of  the  very  best  steel,  tempered  to  the  utmost  hardness, 
and  magnetized  by  a  powerful  electric  current,  they  should 
be  free  from  change  in  the  magnetic  field  of  either  Ship 
or  Earth. 

The  influence  upon  each  other  of  the  wires  forming 
a  needle,  and  of  the  needles  constituting  the  directive 
power  of  a  card,  will  now  be  illustrated  by  experiments 
made  by  the  writer;  they  relate  to  wires  and  needles  that 
are  fairly  representative — such  as  would  be  acceptable 
for  new  compasses. 

The  needles  were  of  two  lengths.  5.3  and  4.4  inches, 
but  of  the  same  diameter,  0.3  inch,  and  were  composed  of 
36  and  32  wires  respectively,  each  0.06  inch  diameter. 

Table  34  refers  to  a  4.4-inch  needle;  it  was  received 
in  a  lot  June  30,  1898.  laid  aside  (»-pole  toward  the  Earth's 
north)  until  July  28,  1898,  and  then  tested  in  different 
ways,  as  stated  below,  by  the  method  of  Tangent-defJec- 
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Table  34. 

Needle  R:  4.4  in.  long;  0.3  in.  diameter;  weight,  375  grains;  32  wires, 
each  ^  inch  in  diameter,  and  of  11.7  grains.  Distance  in  all  cases  14.2 
inches  from  center  to  center  of  deflecting  and  deflected  magnets. 


Designa- 
tion of 

AT-pole 

S-pole 

Mean. 

Niunbcr 
of  Wires 

N-pole 

5-pole 

MefiH- 

Wire. 

acting. 

acting. 

acting 

acting. 

acting. 

¥»   **  ^^» 

together. 

(0 

(a) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

a 

0**    20' 

0**    20' 

0**  20' 

I 

0**    20' 

0<»    20^ 

o*> 

2& 

b 

30 

25 

27.5 

2 

0     50 

0     45 

0 

47.5 

c 

25 

25 

25 

3 

I       ID 

I     10 

I 

10 

d 

25 

25 

25 

4 

I       30 

I     40 

I 

35 

e 

25 

25 

25 

5 

I     55 

2       0 

I 

57.5 

f 

15 

10 

12.5 

6 

2       0 

2     10 

2 

05 

g 

20 

>5 

17.5 

7 

2     30 

2     30 

2 

30 

h 

15 

25 

20 

8 

2     50 

2     55 

2 

52.5 

% 

25 

25 

25 

9 

3     10 

3     10 

3 

10 

i 

20 

20 

20 

ID 

3     40 

3     40 

3 

40 

k 

25 

25 

25 

II 

3     50 

4       0 

3 

55 

I 

30 

30 

30 

12 

4     10 

4     15 

4 

12.5 

m 

25 

25 

25 

13 

4     30 

4     35 

4 

32.5 

n 

30 

30 

30 

14 

4     50 

5       0 

4 

55 

0 

15 

05 

10 

15 

5     15 

5       0 

5 

07.5 

P 

30 

20 

25 

16 

5     35 

5     15 

5 

25 

q 

25 

15 

20 

17 

5     45 

5     55 

5 

50 

r 

30 

25 

27.5 

18 

6       0 

6       ID 

6 

05 

s 

25 

25 

25 

19 

6     30 

6     20 

6 

25 

t 

30 

20 

25 

20 

7       0 

6     35 

6 

47.5 

u 

20 

15 

17.5 

21 

7     05 

7       0 

7 

02.5 

V 

25 

25 

25 

22 

7     30 

7     15 

7 

22.5 

w 

30 

25 

27.5 

23 

7     45 

7     35 

7 

40 

X 

30 

20 

25 

24 

8       0 

8       0 

8 

0 

y 

25 

20 

22.5 

25 

8     20 

8     20 

8 

20 

15 

ID 

12.5 

26 

8     35 

8     25 

8 

30 

a' 

20 

20 

20 

27 

8     45 

8     50 

8 

47.5 

6' 

25 

25 

25 

28 

8     55  • 

9      0 

8 

57.5 

d 

10 

30 

20 

29 

9     15 

9     15 

9 

15 

d' 

15 

20 

17.5 

30 

9     30 

9     45 

9 

37.5 

e' 

15 

30 

22.5 

31 

9     45 

10       0 

9 

52.5 

r 

25 

15 

20 

1 

32 

10       0 

10       0 

10 

0 

Deflection  produced  by  needle  R  both  before  beginning  and  after  ending 
the  above  series  of  experiments,  10®  o'  with  each  pole,  distance  14,2  inches 
from  center  to  center  of  magnets. 

tion;  the  distance  in  all  cases  was  measured  from  center 
to  center  of  the  deflectmg  and  defected  needle.  First, 
as  a  whole — in  its  paper  case — each  pole  produced  a  deflec- 


tion  of  io°.  Then  the  wires  were  pushed  en  masse  out 
of  the  case,  and  spread  on  a  table  parallel  to  each  other, 
half  an  inch  apart,  ti-poles  toward  the  Earth's  north.  Each 
wire  was  now  tested  by  itself  and  produced  the  deflections 
of  cols.  (2)  and  (3),  Table  34:  inspection  of  these  will  show 
the  individual  character  of  the  wires.  Next,  wire  was 
added  to  wire  as  in  col.  (5),  the  growing  bundle  producing 
the  deflections  of  cols.  (6)  and  (7):  the  wires  were  kept 
close  together  by  tying  the  bundle  at  the  ends  with  thread, 
which  was  loosened  and  tied  anew  every  time,  and  the  wire 
was  laid  beside  the  others,  not  pushed  along  them  through 
the  loops  of  the  thread,  05  in  a  former  experiment  this  prac- 
tice greatly  itKTeased  the  power  of  the  bundle — ^it  was  a  kind 
of  remagnetizing.  Finally,  when  the  last  wire  had  been 
added,  the  bundle  was  inserted  in  its  paper  tube  and  tested 
as  at  first,  producing  the  same  deflection,  10^. 

The  increment  of  power  with  each  added  wire  may  be 
found  by  taking  the  difference  of  the  tangents  of  the 
angles  in  col.  (8) ;  but  the  effect  of  combination  will  be 
shown  in  another  way:  the  sum  of  col.  (4)  is  715',  that  of 
coL  (8)  is  605';  their  difference,  iio'  =  i°5o',  represents 
the  destructive  effect — about  3', 4  per  wire.  Of  the  32 
wires,  only  four — /,  o,  «,  2 — show  individual  weakness; 
while  in  the  combination,  the  6th,  15th,  a6th,  28th,  and 
jad  added  less  than  the  average  increment  to  the  total 
power:  this  affords  a  means  not  possible  with  solid  mag- 
nets, of  weeding  out  the  puny  and  making  needles  of  only 
strong  elements. 

Four  needles — two  of  each  length — constitute  the 
directive  power  of  a  card,  and  pairs  are  selected  so  that 
both  needles  of  each  size  are  almost  identical  in  weight 
and  magnet  power.  The  influence  of  the  needles  upon 
each  other  will  now  be  shown:  Table  35  contains  data 
of  four,  designated  as  L,  M,  P.  (J.  When  L  and  ,1/  were 
inserted  in  their  own  metal  tubes  on  the  card,  as  in  Fig. 
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Table  35. 

DATA  RELATIVE    TO  FOUR   COMPASS-NEEDLES. 


Designa- 
tion of 

Length 

in 
Inches. 

Diameter 

in 

Inches. 

Weight 

in 
Grains. 

Deflections. 

Mean. 

Distance; 
Center  to 

Needle. 

n-polc. 

5-pole. 

Center  oc 
Needles. 

(i) 

(a) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

L 
M 

P 
Q 

4-4 
4-4 
53 
53 

0.3 
0.3 
0.3 
0.3 

385 
38a 
457 
463 

io«     0' 
9     45 
9     45 

10        0 

9*     0' 
9        0 

ID          0 
10          0 

9*    30' 
9     aa 

9     S» 

10       0 

i4.ainchca 
14.  a     " 

15.7 

377,  they  jointly  produced  these  deflections:  n-poles  act- 
^S»  13^  30' I  5-poles,  14®  o';  mean,  13®  45';  distance  15.7 
inches.     The  sum  of  their  individual  eflforts  (from  Table 

H 


15.7  inches 


Fig.  877 


15.7  inchst 


Fig.  878 


15.7  inchst 


Fig.  379 


35)  is  18°  52',  so  that  there  is  an  apparent  loss  of  5°  22' 
by  placing  them  as  in  Fig.  377;  but  this  is  not  really  so, 
for  the  distance  in  the  joint  test  is  15.7  inches  whereas 
it  was  only  14.2  in  the  trial  singly. 
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Removing  L  and  M  from  the  card,  and  inserting  P 
and  0  in  their  own  metal  tubes,  as  in  Fig.  378,  the  joint 
deflections  were:  ii-poles  acting,  18°  30';  5-poles,  iq°o'; 
mean.  18°  45';  distance,  15.7  inches.  The  sum  of  the 
individual  deflections  at  the  same  distance  (from  Table  35) 
is  I  (J**  52',  so  that  there  is  a  real  destructive  influence  of 
i"  07'  due  to  their  proximity  as  in  Fig.  378. 

Kow  all  four  needles  were  inserted  in  their  proper 
places  on  the  card,  as  in  Fig.  379,  and  tested  at  the  dis- 
tance of  15.7  inches,  with  this  result:  H-end  of  card  acting, 
29"  30';  s-end,  30°  o';  mean,  29°  45'.  The  sum  of  the 
deflections  of  the  two  pairs  when  each  pair  acted  by  itself 
at  the  same  distance,  15.7  inches,  is  32°  30'.  so  that  by 
the  combination  of  all  four  there  is  a  real  loss  of  2"  45' 
over  their  effort  as  pairs.  But  that  the  needles  hold 
tenaciously  ever  after  to  their  magnetism  is  shown  by  an 
instance  that  will  now  be  cited. 

In  1884.  after  wires  had  been  adopted  for  needles,  a 
card  was  prepared :  its  needles  represented  the  average 
of  a  lot  then  intended  for  new  compasses — not  specially 
selected,  but  in  all  respects  like  those  described  in  Tables 
34  and  35.  The  needles  were  sealed  in  their  metal  tubes 
on  the  card  as  in  Fig,  379,  and  were  thus  tested  as  a  whole 
in  1884,  at  the  distance  of  15  inches  from  the  center  of 
the  card  to  the  center  of  the  deflecteii  needle;  these  were 
the  deflections;  H-end  of  card  acting.  30°:  s-end,  30°. 
When  tested  in  1898.  in  the  same  way  at  the  same  distance, 
the  deflections  were:  n-end  of  card  acting,  26"  30';  s-end, 
a6**  30'.  This  card  was  never  used  in  any  compass,  but 
between  1884  and  1898  lay  midst  pieces  of  iron  and  steel 
and  magnets  heterogeneously  mixed,  and  in  the  periodical 
mo\-ing  of  articles  about,  was  battered  and  subject  to  jars 
and  ill-usage  such  as  no  compass  would  ever  experience ; 
and  yet  under  this  severe  treatment  its  original  strength 
fell  off  only  by  3*30'  in  fourteen  years:    or,  to  state  the 
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matter  more  accurately,  the  tangent  of  30"  is  5774  and 
that  of  3°  30'  is  612;  the  former  represents  the  original 
strength,  the  latter  the  loss— about  10  per  cent,  of  the 
whole — noi  iiear  one  per  cent,  a  year— with  the  needles  still 
.  powerful  enough  to  be  used  in  any  compass. 

227.  The  liquid  used  in  the  Compass. — The  primary 
[  object  oi  the  liquid  is  to  buoy  up  the  card  and  lessen  its 
L  pressure  on  the  pivot ;  incidentally,  it  steadies  its  motion 
[  and  reduces  the  oscillations  to  three  or  four  short,  quick 
I  movements. 

The  card  complete,  with  the  four  needles  sealed  in  it, 
'  is  very  heavy,  and  although  cap  and  pivot  come  in  contact 
only  in  a  mere  point,  still  the  pressure  is  so  great  in  air, 
that  the  powerful  needles  would  never  move  the  mass; 
but  in  liquid  the  buoyancy  is  so  adjusted  that  this  card 
of  3054  grains  exerts  a  pressure  of  only  70  grains  on  the 
pivot,  thus  facilitating  rapid  return  of  the  needles  to  their 
natural  direction  from  even  the  slightest  deflection. 

The  qualities  of  a  liquid  are  prime  factors  in  its  selec- 
tion ;  the  particles  must  have  the  freest  movement  among 
themselves,  and  the  liquid  must  not  become  viscous  like 
glycerine,  nor  freeze  at  ordinary  temperatures:  alcohol 
most  nearly  fulfills  these  requirements,  and  it  is  claimed 
that  by  means  of  liquid  air  the  impurities  usually  found 
in  the  commercial  article  may  be  successively  frozen  out— 
the  water  at  32°  F.  and  the  fusel  oil  and  other  deleterious 
,  ingredients  at  150°  to  190°  below  zero,  leaving  the  alcohol 
I  pure ;  this  freezes  at  a  lower  temperature  than  200°  F. 
below  zero.  Alcohol  is  the  ideal  liqflid:  the  actual  one 
used,  however,  is  a  mixture  of  45  per  cent,  alcohol  and  55 
per  cent,  distilled  water.  Equal  volumes  of  alcohol  and 
water  whose  sum  {when  separated)  is  100,  will  be  only 
'94  when  mixed — a  more  dense  liquid;  but  on  the  other 
hand,  these  two  components  are  among  the  greatest  ab- 
sorbers of  heat,  which  again  facilitates  mobihty  of  their 
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particles  and  motion  of  the  card.  The  expansibility  with 
heat  necessitates  a  flexible  chamber  in  the  bow],  to  pre- 
vent bursting;  and  when  the  liquid  cools,  the  chamber 
contracts,  so  that  by  this  means  the  Hquid  is  made  to  fill 
the  bowl  exactly  at  all  temperatures.  Between  32"  and 
212°  F.,  water  increases  its  volume  by  Vs  arid  alcohol 
by  I. 

The  liquid  saves  the  pivot  and  cap  from  injury  by 
concussion  and  jar  such  as  would  otherwise  occur — it 
renders  all  motions  of  the  card  smooth  and  easy. 

228.  Metals  excluded  from  compass  construction.^ — 
There  are  only  three  metals  in  which  the  magnetic  condi- 
tion may  be  developed  to  such  degree  as  to  affect  the  com- 
pass injuriously — iron,  nickel,  and  cobalt;  and  if  a  bowl 
be  made  of  any  one  of  these,  it  can  readily  be  seen  from 
Art.  173.  wherein  the  injury  lies— it  is  in  the  metal  gather- 
ing unto  itself  those  lines  of  terrestrial  magnetic  force  that 
should  give  direction  to  the  needles. 

The  three  metals  named  are  injurious  in  different 
degrees;  but  as  massive  parts,  or  plating,  or  fittings  of 
any  kind,  they  should  be  rigidly  excluded  from  every- 
thing surrounding  the  needles:  pure  copper  is  alone  suit- 
able for  the  massive  parts,  and  gold  or  silver  for  plating, 
or  small  parts. 

All  metals  for  compass  construction  and  binnacles  are 
examined  by  the  Superintendent  of  Compasses  as  to  their 
non- magnetic  character. 

229.  The  card,  pivot,  cap,  and  bowl.^The  compass 
will  be  further  illustrated  by  Plates  A'  and  0  and  Figs. 
380  to  385;  and  in  them,  the  same  letters  and  numbers 
refer  to  the  same  parts  in  all. 

The  bowl  is  seen  at  (i).  Plates  A'  and  0,  both  in  per- 
spective and  section;  it  is  of  cast  bronze,  turned  to  a 
smooth  surface  in  a  lathe,  dipped  in  liquid  tin  and  lead 
to  coat  it,  and  painted  white  inside  and  black  outside; 
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PLATE  O. 
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K  is  the  "keel-line" — a  name  I  have  tried  to  introduce 
instead  of  "  lubber's-line " ;  it  is  painted  on  porcelain, 
which  is  firmly  set  in  a  groove  in  the  bowl;  there  are  two, 
180"  apart,  and  the  diameter  of  the  bowl  thtis  indicated. 


is  iuvunitoly  sot  in  tho  midship  vertical  plane  through  the 
ktvl;  it  is  tho  lino  thiit  jxiints  out  the  compass  course, 
iuul  shmild  divide  (ho  ship  synmiotrically  in  two  equal 
stvlions  whonco  tho  :ipproi>rt;itonoss  of  the  name,  for  it 
iiulioiitos  tho  lino  of  tho  kool,  whoreas  lubber's-line  has  no 
s\(oh  inn;tto  sijiuitWation. 

Tho  pivoi  is  shown  at  /':  it  is  made  of  bronze  with 
ivn\Wm>i  lip,  and  p-onnd  dowii  sniixtth.  and  polished; 
YV  ^Sj  shows  tho  inotlnxi  of  st'ttinj;  it  in  place;  .Y  is  a 
N».U!<\  liti*'  '"^  invortod  s;iui.x>r,  sorowod  to  the  bottom 
xX  ^V'  Vwl;  »!'>''»  t'"^  ■  ■'  pl-ito  5  is  si.Towo\l,  and  the  pivot 
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D  is  screwed  into  5,  projecting  through  it  to  rest  on  N; 
the  screws  of  the  plate  S  can  be  raised  or  lowered  to  cen- 
ter D,  and  the  method  of  doing  this  is  shown  in  Fig.  384; 


Fig.  38 


a  metal  ring  .4',  like  an  azimuth  circle,  is  placed  on  the 
rim  of  the  bowl;  a  cross-bar  of  this  ring  supports  an  in- 
verted pivot  D'  and  a  rod  with  a  prism  U\  this  reflects 
up  to  the  eye  the  tips  of  both  pivots,  and  if  they  appear 
in  the  same  line  while  ,4'  is  revolved,  the  lower  pivot  is 
then  centered  exactly. 

Below  the  bridge  N.  the  expansion  chamber  X,  of 
sheet  brass,  is  soldered  to  the  bottom  of  the  cylindrical 
part  of  the  bowl,  and  there  is  a  hole  in  the  bridge  to  permit 
free  flow  of  the  liquid  into  the  chamber.  A  hemispherical 
bottom  C,  weighted  with  lead,  is  screwed  to  the  bowl — 
to  ballast  it.  The  top  is  closed  with  glass,  rubber  packed, 
which  i^  kept  in  place  by  a  metal  ring  A.     When  the  bowl 
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is  filled  with  liquid,  and  the  card  on  its  pivot,  it  is  placed 
under  the  receiver  of  an  air-pump  and  exhausted,  the 
final  addition  of  liquid,  to  fill  the  bowl  and  chamber  com- 


Fig.  384. 


pletely,  being  made  through  the  screw-hole  V;    thus  no 
air  bubbles  remain  in  the  bowl. 

The  card  is  seen  in  perspective  and  section  at  (2), 
Plates  N  and  0,  with  top  and  bottom  \-iews  at  (3),  Plate  O, 
and  in  Figs.  380  and  381;  it  consists  of  several  parts: 
B,  a  central  ellipsoid  which  gives  buoyancy;  F,  a  cim^ed 
surface  for  the  graduation  in  degrees  and  points;  L',  A/', 
P'.  Q' ,  metal  tubes  soldered  to  both  the  preceding  parts, 
P'  and  Q'  running  through  the  ellipsoid  as  shown  in  Fig, 
381 ;  the  needles  are  sealed  in  these  tubes;  they  are  shown 
in  their  paper  cases  at  L,  M,  P,  Q,  Plate  A',  and  beside 
them  at  W  is  a  group  of  the  wires  of  wliich  they  are  com- 
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posed ;  the  ellipsoid  is  formed  of  two  parts  soldered  together; 
a  conical  opening  is  at  R,  (2)  Plate  0,  into  which  the 
pivot  projects ;  the  sapphire  cap  at  Z  is  fixed  to  the  bottom 
uf  a  spindle  _/.  shown  in  Fig.  383;  this  spindle  is  placed 
in  the  tubular  chamber  T,  (a)  Plate  0,  and  rests  upon  a 
ledge ;  it  is  firmly  secured  in  place  by  a  screw  seen  on  top, 
and  at  7',  Fig.  383. 

The  cap  is  a  sapphire^a  jewel  next  to  the  diamond 
in  hardness;  a  conical  depression  is  ground  in  it  and  highly 
polished ;  into  this  the  point  of  the  pivot  enters :  both  the 
sapphire  and  pivot  are  examined  under  a  microscope  by 
the  Superintendent  of  Compasses  for  roughness,  flaws, 
or  cracks. 

The  division  into  points  is  painted  by  hajid — -that  in 
degrees  is  printed  on  linen  from  an  engraved  plate  and 
pasted  on  a  flat  mica  ring  which  is  then  attached  to  the 
rim  of  the  card ;  the  0°  of  the  graduation  is  at  North,  and 
the  magnetic  axis  of  the  sysiet^t  of  needles  is  made  to  coin- 
cide with  it. 

The  material  of  all  parts  of  the  card  is  very  thin  sheet 
brass,  tinned,  and  united  by  thin  layers  of  solder.  The 
separate  parts — ellipsoid,  cone,  curved-surface,  rims,  and 
tubes  are  all"  stamped  out  on  dies  or  heavy  formers  of 
steel,  and  are  put  together  on  a  metal  model,  working  from 
a  center,  so  that  everything  on  and  about  the  card  is 
symmetrical  with  respect  to  this  center — the  jiivot  of  the 
compass. 

The  inierseciion  of  the  diameters  through  the  gimbal 
bearings  coincides  with  the  pivot. 

The  card  is  7  J  inches  in  diameter,  and  when  complete 
with  needles  sealed  in  their  tubes,  weighs  on  an  average 
(in  air)  3056  grains,  of  which  1648  grains  are  magnetic 
steel  and  1408  other  matter.  The  size  of  the  ellipsoid  is 
designed  by  its  buoyancy,  to  reduce  this  pressure ;  and 
the  means  of  finally  determining  the  weight  on  the  pivot 
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is  shown  in  Fig.  385 :  a  large  glass  jar  is  partly  filled  with 
the  liquid  used  in  the  compass,  at  a  temperature  of  60®  F. ; 
the  card  is  first  placed  on  the  pivot  D  to  see  if  it  hangs 
level ;  then  it  is  suspended  from  one  arm  of  a  balance  and 
weights  are  placed  in  the  pan  E  tmtil  equilibrium  is  obtained 
with  the  card  clear  of  the  pivot;  the  dimensions  of  the 
ellii')soid  are  so  calculated  that  the  weights  in  E  range 
between  60  and  75  grains  for  different  cards,  and  this  is 


Fig.  385. 

all  the  pressure  the  card  of  3056  grains  exerts  upon  the 
jnvot. 

The  directive  force  upon  the  card  consists  of  two  fac- 
tors—the Earth's  horizontal  component  and  the  magne- 
tii^ni  of  the  neeilles  themselves:  each  is  variable,  the  former 
with  gtvgniphioal  jvsition,  the  latter  vnXh  lapse  of  time — 
and  Kuh  thrvnigh  the  ship's  magnetism  vnXYv  ex'cry  change 
v^f  <\HU'se.  Thus  it  is  ini^x^rtant  that  this  variable  directive 
jxnvcr  slKHiId  have  the  least  rv^sistance  possible  to  contend 
N\ith»  lost  at  times  it  Ix^  little  stronger  than  the  resistance 
auvl  u\v>vo  the  oaai  only  languidly,  or  fail  to  do  so  altogether. 

bViotion  Ix^tween  cap  and  pivot  is  the  princip>al  opponent 
v^'  th<^  jvwer  ot  the  comixiss:  and  friction  depends  upon 
^x  j,>iv5i5>ure  of  the  can.!,  the  area  of  the  surfaces  in  contact 
4avi  ;hc  hanir.ess  and  sir.oothnesc?  of  the  materials. 

tt  is>  vXHiceivable  that  a  \-iscous  liquid  like  dycerine* 
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or  one  that  may  become  such  at  low  temperatures,  would 
not  only  impede  the  quick  movement  of  the  card,  but  stop 
it  entirely ;  and  this  the  more  easily,  the  lower  the  magnet 
power  and  greater  the  friction:  but  such  conditions  do 
not  prevail  in  our  compass — quite  the  contrary :  the  liquid 
is  among  the  most  mobile  and  least  prone  to  viscosity; 
the  magnet  power  is  the  greatest  attainable  for  the  size 
of  the  system;  and  the  friction  is  an  absolute  minimum, 
for  cap  and  pivot  come  in  contact  only  in  a  point,  and 
both  cap  and  pivot  are  of  the  hardest  material,  highly 
polished,  and  the  bearing  of  one  upon  the  other  can  scarcely 
be  qualified  as  pressure,  it  is  so  light. 

230.  Formulas  relative  to  magaetic  moment  of  the 
compass. ^ — The  magnetic  moment  of  a  system  of  needles 
on  a  card  may  (in  part)  be  determined  by  an  oscillation 
experiment ;  and  the  formulas  requisite  for  the  calculations 
arc  those  of  circular  motion  in  general  adapted  to  magnetic 
force  as  the  motive  power :  they  are  differential  expressions, 
and  when  integrated  with  respect  to  the  function  /  (time)  - 
that  enters  into  them,  afford  the  period  of  oscillation. 

This  is  the  usual  procedure,  but  for  the  purpose  of  this 
article,  another  course  will  be  pursued:  it  will  show  more 
clearly  the  applicability  of  the  method  of  oscillations  to 
the  determination  of  magnetic  force. 

Gravity  tends  to  bring  a  swinging  pendulum  into  line 
with  its  own  direction,  and  the  magnetic  force  of  the  Earth 
does  the  same  with  a  dipping  needle  in  oscillation — indeed 
this  is  but  a  magnetic  pendulum.  The  pendulum  will  have 
a  definite  period  of  swing — so  will  the  needie;  this  period 
depends  on  two  quantities — the  intensity  of  the  directive 
force,  and  the  form  and  weight  of  the  moving  body;  vary- 
ing either  force  or  body  will  change  the  period.  The 
formulas  for  calculating  each  quantity  will  now  be  deduced. 

Consider  Fig.  386:  a  leaden  pellet  C  hangs  by  a  fine 
wire  from  a  fixed  point  0:  when  drawn  to  .4,  and  let  go, 
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it  will  swing  to  an  equal  height  on  the  other  side,  and  con- 
tinue to  oscillate  until  friction  with  the  air  brings  it  to 
rest  in  the  vertical  position. 

At  every  point  of  the  arc  ACZ  the  force  of  gravity  g 
acts  vertically;    resolving  it  in  the  direction  of  the  wire 

0 


9 
Fig.  386. 

and  at  right-angles  thereto,  the  component  m  is  neutralized 
by  the  point  O,  and  n  alone  tends  to  give  the  pellet  motion. 

The  arc  in  Fig.  386  is  greatly  enlarged  for  clearness  of 
illustration,  but  in  reality  the  demonstration  that  follows 
is  applicable  only  to  a  small  arc,  which  ACZ  must  be  con- 
sidered, so  that  a  portion  of  it,  as  AC,  may  not  differ 
appreciably  from  its  chord. 

In  its  descent,  the  pellet  gradually  increases  its  velocity 
until  the  point  C  is  reached;  in  its  ascent  toward  Z,  the 
velocity  gradually  diminishes :  at  any  point  B,  the  velocity 
is  the  same  that  it  would  be  at  F,  if — tmattached  to  any 
wire — the  pellet  should  fall  freely  from  A  to  F,  the  vertical 
distance  between  A  and  R,  By  Mechanics,  this  vertical 
velocity  is 


v=^^2.g,AF (10) 


Let 


OC-/, (11) 
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the  semi-diameter  of  the  arc  through  which  the  pellet 
swings; 

arc -BC^chordBC"  =:)!;;     .     •     •     .     (12) 
and 

AC^s, (13) 

the  half  amplitude  of  oscillation.  By  Geom.,  the  chord' 
is  a  mean  proportional  between  the  diameter  and  its  pro- 
jection on  this  diameter:  whence 

EC  :  chord  BC  =  chord  BC  :  2 .  OC.     .     .      (14) 

DC  :  chord  AC  =  chord  AC  :  2  ,  OC.    .     .      (15) 
In  Fig.  386,  ^ 

AF=DE=DC^EC.      ....     (16) 

Whence,  from  (14)  and  (15),  by  means  of  (11),  (12),  and  (13), 


EC ;::r=TT ^^7) 


and 


2 .  OC      ^' 

Substituting  (17)  and  (18)  in  (16),  and  then  this  in  (10), 
the  latter  becomes 

If  ^  =  o,  we  get  the  maximum  velocity  (at  C)  that  is, 

^'=Wf (20) 

If  x=s,  we  obtain  the  velocity  (x;'")  at  the  limits  of  oscil- 
lation (A  and  Z),  tliat  is, 

z/"=o C21) 
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To  find  the  time  of  swing,  or  interval  from  departure  of 
the  pellet  at  i4  to  its  zxUx^X  at  Z:  construct  Fig.  387  so 


that  the  line  A'CZ'  shall  be  the  same  length  as  the  arc 
ACZ  of  Fig.  386  when  straightened  out,  that  is. 


A'C'^AC=s. 


(22) 


\I,\ycm  A'Z'  as  a  diameter,  draw  the  semi-circle  A'UZ'\ 
and  ak/ng  this  (A'UZ^),  suppose  a  body  to  move  uniformly 
with  the  velocity 

^=^\'f. (20) 

the  successive  projections  of  this  uniform  motion  upon 
A'CZ'  will  form  unequal  spaces  along  this  diameter,  and 
the  velocity  at  any  point  P'  will  be  identical  with  the 

velocity  for  a  corresponding  length  AB  oi  the  arc  ACB, 
Fig.  386.  To  prove  this,  let  P  be  any  position  of  the  mov- 
ing body,  and  P'  its  projection  upon  A'Z':  while  the  body 
moves  uniformly  from  P  to  Q  with  the  velocity  v',  its  pro- 
jection moves  with  a  variable  velocity  from  P'  to  (7 — 
denote  it  by  v"  \  if  the  spaces  and  the  time  required  to 
traverse  them  be  very  small,  the  velocity  along  P'Q'  will 
be  proportional  to  its  space,  and  we  should  have 


v':v"^PQ:P'Q'  =  PQ:PH. 


(23) 
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The  triangles  PQH  and  PP'C  are  similar,  and  there- 
fore by  Geora., 

PH:PQ=PP':PC' (24) 

Also,  by  Geom., 

PC"^PP"  +  PC'*; 

.-.  PP'  =  V  fc"-P^" (25) 

ButPC'=A^'=5,  andIet/%'=3-.  whence  fp' "Vs^^^, 
and  {24)  becomes 

PH  :fQ  =  s/s'-x':s (26) 

Substituting  this  in  (23),  it  is 

v':v"  =s:  Vs'-x*. (37) 

and  introducing  the  value  of  (20)  in  (27),  this  last  becomes 

sSJi  -.v"  =s -.x/s^^x^, (28) 

whence 

v"  =  \f\s-x') {29) 

The  second  members  of  (19)  and  (29)  are  the  same,  whence 
v"  =v,  and  thus  it  is  proven  that  the  variable  velocity 
along  the  arc  ACZ  of  Fig.  386  is  identical  with  the  variable 
velocity  along  the  straight  line  A'C'Z'  of  Fig.  387. 

The  time  (,  then,  that  the  pellet  takes  to  make  the 
oscillation  on  the  arc  ACZ,  Fig.  386,  is  the  same  as  that 
required  for  the  projected  motion  to  traverse  the  straight 
line  A'CZ',  Pig.  387,  and  also  the  same  that  the  body  moves 
wilh  uniform  velocity  v'  over  tiie  semicircle  A'PUZ'.    This 
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laOer  time,   by   Mechanics,   is  contained 
equation  for  uniform  motion. 


where  d  is  the  distance. 


WTience 
d 


the   general 
.     .     -     (30) 


(31) 


in  this  case,  J  is  a  semi-circumference  (,4'Pf/Z'),  which, 

tjy  Geom.,  is  equal  to  (z.A'C'),  or,  [by  (22)!,  (x.s),  where 
K  — 3.1416.  Substituting  this  value  of  d  and  that  of  1/ 
from  (30)  in  (31),  this  becomes 


4 


(3>) 


\l 


In  this,  it  will  be  seen,  as  stated  at  the  outset,  that  the 
period  of  oscillation  depends  on  two  quantities  —  the 
weight  and  form  of  the  moving  body  represented  by  /  and 
the  force  g  acting  upon  it. 

Theoretically.  (  is  not  the  same  for  all  arcs  of  swing, 
but  increases  slowly  with  the  semi-arc. 

In  June,  1898,  I  made  some  experiments  with  the 
needle  used  for  the  ordinary  intensity  obsen'ations  on 
board  ship:  it  is  3  inches  Jong,  mounted  on  a  pivot  in  a 
circular  brass  box  covered  with  glass.  Friction  between 
cap  and  pivot  as  well  as  (probably)  electric  currents  excited 
in  the  material  of  the  box  by  the  needles'  motion  put  a 
strong  check  upon  its  freedom — it  came  to  rest  imder  the 
influence  of  the  Earth's  field  alone  after  making  twenty 
oscillations,  beginning  with  a  semi-arc  of  15°;  and  after 
making  thirty  oscillations,  with  a  semi-arc  of  25°. 
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Table  36. 

Tabls  37.                          M 

No. 
Set. 

(1) 

Semi..re. 

Z^^, 

olEnch 
Set. 

No. 

^si?. 

No.  of 

Period                      ■ 

_B^i™^ 

End. 

Begins. 

End*. 

tiooi. 

(.1) 

<s) 

(1) 

(3l 

(.1) 

(4) 

1 

1 

8 
I 

I 

i' 

i 

> 

16 

'i 

9 

«:« 

e.]o 

Han 

M«Bn 

I 

Tables  36  and  37  show  the  results  of  two  series  of  trials, 
each  consisting  of  twenty  sets  of  oscillations:    one  series 
beginning  with  a  semi-amplitude  of  about  1 5°,  and  ending 
at  about  7°;  the  other  with  limits  of  about  35°  and  10°. 

A   stop-watch    marking  quarter-seconds   was  used    to 
time   the  oscillations.     Fig.    3SS   illustrates  the  semi-arc, 
its  decrement,  and  method  of  counting  the  oscillations: 
the   watch  was   started   on   counting  "one"   and   stopped 
at  "ten."  so  that  the  times  in  col.  (5)  of  each  table  are 
the  periods  of  nine  swings,  both  right  and  left;  each  of 
the  forty  sets  in  both  tables  is  composed  of  nine  such 
swings. 

It  will  be  seen  from  the  mean  of  the  periods  of  both 
series  that  there  is  considerable  difference   (0.212  second) 
between  a  set  of  oscillations  whose  semi-arc  begins  at  25° 
and  one  beginning  at  15°:  it  is  therefore  essential  that  all 
oscillations  /or  Ihe  same  series  of  observations  should  begin 
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with  the  same  amplitude.  The  varying  conditions  expe- 
ricncHxl  on  different  ships  will  of  cotirse  necessitate  ampli- 
tvules  suited  to  the  conditions. 


Start  Watch 
and  Count. 


Stop  Watch 
and  Count 


To  return  to  the  pendulum  motion,  and  pass  from  the 
\w\V'\^  to  a  body  of  some  weight  and  volume,  consider 
i^ig.  389 :  5  is  a  steel  rod  to  which  knife-edges  are  attached 
^i  i)\  they  rest  on  a  frame  so  that  the  rod  may  oscillate 
ill  H  vertical  plane  under  the  impulse  of  a  horizontal  force 
/r*.  Denote  the  mass  of  a  particle  of  the  rod  by  dm,  its 
liititaiice  from  the  point  of  suspension  by  r,  and  the  semi- 
un:  I  if  swing  by  0,  While  all  particles  of  the  rod  swing 
throufjh  the  same  angle,  all  do  not  describe  equal  extents 
of  apace;  those  nearest  the  point  of  suspension  pass  over 
X\\a  shortest  length,  and  this  increases  with  each  remove 
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from  that  point,  that  is,  with  the  radius,  so  that  to  get 
the  length  traversed  in  any  specific  time — the  linear 
velocity  of  a  particle  dm,  we  must  multiply  the  arc  by  its 


Fig.  389. 

radius,  or,  r.0\   then,  momentum  (/?)   being  the  product 
of  mass  and  velocity,  we  have 


p=dm.r.  0, 


(33) 

The  moment  of  this  momentum — its  tendency  to  pro- 
duce rotary  motion  round  a  point — is  measured  by  the 
product  of  the  perpendicular  from  the  point  upon  the  direc- 
tion of  the  force:  hence,  from  (33), 


r  .p=dm,r^  .0, 


(34) 


The  same  is  true  of  every  other  particle  of  the  rod,  so  that 
we  shotild  have  as  many  equations  like  (34)  as  we  conceive 


the  rod  to  be  divided  into  particles;  and,  taking  their 
sum,  we  have  for  the  whole  rod,  denoting  sum  by  /, 

fr  p^fd.dm-r'  =  0fdm-T'.     .     .     .     (35) 

The  quantity  jdm.r''  is  called  the  moment  of  inertia:  it 
represents  either  the  tendency  to  motion  in  a  swinging 
body,  or  the  inertness  that  must  be  overcome  to  start  one 
from  rest. 

The  small  particles  are  supposed  to  be  equal — it  is  only 
the  distance  o£  each  that  varies;  therefore  the  length  of 
the  oscillating  body  may  in  a  measure  be  said  to  represent 
the  moment  of  inertia :  the  length  here  is  denoted  by  r 
and  in  Fig.  386  by  /,  so  that  I  in  eq.  (32)  stands  for  one  of 
the  two  quantities  that  change  the  period  of  oscillation, 
the  other  being  the  force  represented  by  g. 

By  Fig.  389,  the  nearer  the  point  of  suspension  is  to 
the  end  of  the  rod,  the  more  of  its  mass  the  force  F  will 
have  to  move — hence,  the  greater  the  inertia,  and  also 
its  moment :  on  the  other  hand,  if  the  point  of  suspension 
approaches  the  middle  of  the  rod,  the  portion  above  acts 
as  a  counterpoise  to  that  below;  when  the  suspension  is 
at  the  center  of  gravity,  the  rod  will  hang  indifferently 
and  the  moment  of  inertia  is  least. 

Consider  this  case  in  particular,  and  in  order  to  lead 
up  to  the  real  object  of  this  investigation — the  oscillation 
of  a  magnetic  needle  round  a  vertical  axis — let  Fig.  390 
represent  a  short  rectangular  bar  suspended  by  a  stout 

wire,  ZA\  0  is  the  origin  of  coordinates  A',  V,  Z,  which 
are  fixed  in  the  bar  and  rotate  with  it. 

A  rigid  rod  Z  B  may  be  soldered  to  the  bar — another 
vertical  axis  round  which  it  may  swing  in  a  horizontal 

plane  if  the  suspension  ZA  be  removed:  thus  ZA  and  Z'B 


L 
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are  parallel  axes  in  the  vertical  plane  ZOX\    the  latter, 

Z'B,  is  analogous  to  the  suspension  at  O  in  Fig.  389,  only 
that  the  body  in  Fig.  389  oscillates  in  a  vertical  plane, 

and  in  Fig.  390  in  a  horizontal  plane;    ZA  constitutes  a 


Fig.  390. 

new   condition — an   axis  through   the  center  of  gravity, 
round  which  it  is  sought  to  find  the  moment  of  inertia. 

In  Fig.  390,  let  m  be  any  particle  of  the  bar  denoted 

by  dm,  and  mN  a   perpendicular  on  AB,  which  is  itself 
at  right  angles  to  both  axes;  let 

Qi^ob^r, (36) 


mB==p,       (37) 


and 


BA^h 


(38) 


ill 


f:i 
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the  P.- 
sum,  \\ 


—    «  - 


-_z. T^.r.'  ::  t::e  axis 


.     (39) 
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.     (40) 


.     (41) 
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.       (42> 
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(43) 
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.  (45) 


:  gravity. 


-     •    .     (46) 
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and  (45)   becomes,   by  making  K  represent,  in  general^ 
the  moment  of  inertia, 

K^jdm.p^  =  jdm.r^  +  jdm.h^.         .     .     (47) 

Jdm.p^  is  the  moment  of  inertia  about  the  axis  Z'B,  and 
jdm.r^  that    about  ZA\    hence  from   (47)   the  moment 

of  inertia   about  any  axis  {Z'P)  is  equal  to  that  about  a 

parallel  axis  {ZA)  through  the  center  of  gravity,  increased 
by  a  quantity  Ijdm.h^j  composed  of  the  product  of  the 

mass  ijdm\  and  square  of  the  distance  IK)  between  both 

axes;  thus,  the  moment  of  inertia  rotmd  the  center  of 
gravity  is  least,  as  was  otherwise  stated  with  regard  to  the 
rod  in  Fig.  389. 

Now  let  Ar  =Jdni,  the  mass  of  the  bar;  then  (47)  be- 
comes 

fdm.p^^fdm.r^  +  M'.h\      .     .     .     (48) 


Assume  k  such  that 


W 


fdm.r'^M\k'  =  ^.k'      .     .     •     .     (49) 

o 

and  (48)  becomes 

fdm.p'=Ar.k'  +  M',h'^Ar(k^+h*).      .     (50) 

M\k^  is  the  moment  of  inertia  roimd  an   axis   through 
the   center  of  gravity,   and  M'{k^  +  h^)    that  rotmd  any 

other  axis  parallel  to  it  at  a  distance  h(  =AB)  as  in  Fig.  390. 
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F  indicates  the  to-and-fro  motion,  according 
used;  the  coordinates  of  dm  are 


x  =  OS~AN-ED, 
y~6E~Nm~sb, 


and 


Z'-0A''Sb}~5m.   . 
By  Geom.,  from  Fig.  390, 

Expanding    {AB  —  AN)*,   and   observi 
eq.  (42)  becomes,  by  means  of  (36)  to 

p*-r*-2h.x  +  h 

Multiplying  this  throughout  by  d>. 
tide,  it  becomes 

dm.p^=dm.r*~2dm  y 

And  there  are  analogous  equa      ^ 
tide  of  the  bar;  whence  taking 
we  have  for  the  whole  bar, 

fdm.p'^fdm.r^-  f      , 

The  origin  of  coordinates  In  ■ 

x=o,  whence 


■quires 

.;  ordi 

:  itself— 

■    weigfal 

pull  b) 

■.-i  materia 

.  ^ody  hai 

...£i  in  equal 

.::y  pragres- 

^  of  the  fna 


hsxxW-M'.t 
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.  c  in  a  horizontal  plane,  they 

I'lii  soon  get  out  of  step:   those 

•si on   would   oscillate   rapidly — 

■'111   the  diifere^tce  in  rate  would 

::  aj^proached  a  point  intermediate 

at  this  point  there  is  an  average 

liie  jx'llcts,  and  the  point  is  called 

ilum  it  is   interchangeable  with  the 
lliat  is,  the  rod  will  swing  in  the 
■ ::.  r  center. 
*.alled  the  radius  of  gyration  of  a  body 

'   gravity,  and  in  (50),  Vk^  +  li^  is  the 
axis  parallel  to  it.     The  radius  of  gyra- 

Ir)   may — like  the  center  of  oscillation 

ii— be  defined  as  the  distance   at  which 

it^c  '*  moment  of  inertia''  of  all  the  particles 

:iL  of  inertia  maybe  calculated  for  many 
!ar  geometrical  form;  those  usually  employed 

■  I  observations  are  elongated  and  of  varied 
rectangular,  round,  tubular,  solid,  and  cable; 

ing  the  appearance  of  a  cut  across  our  com- 

s. 

.:^th  of  the  magnet,  the  form  of  its  cross-section, 

'  c  of  a  thin  slice  of  this  from  the  axis  of  rotation, 

loment  of  the  mass,  are  the  data  which,  intro 

■ito   eq.    (47),  afford    the   means,  by   integration, 

inming   the   moment  of  inertia   of  any  particular. 

sider,  for  instance,  a  long,  narrow  blade,  like  that 
:il)le-knife — Fig.  391:    let  a  be  the  length  and  Jr  a 

-section  at  the  distance  r  from  the  axis  ZC]    this 
s-section  is  rectangular,  but  on  account  of  the  thinness 
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of  the  blade,  it  is  a  mere  vertical  line,  as  may  be  seen  at  jB, 
and  of  such  vertical  lines  the  whole  length  of  the  blade 
is  composed;  thus  dr  may  really  be  taken  for  an  element 
of  mass,  dm. 

As  the  axis  of  oscillation  ZC  is  perpendicular  to  the 
length  of  the  magnet  through  its  center  of  gravity,  the 


\ 

z 

Ut 

c 

/ 

% — r — • 

« \ 

B 


Fig.  391. 

last  term  of  eq.  (47)  must  be  omitted,  as  that  term  applies 
only  to  an  axis  outside  the  center  of  gravity. 

Introducing,  then,  the  above  particulars  into  eq.  (47), 
it  becomes 


K 


a 


r"^  .dr. 


(SI) 


In  this,  the  integration  (as  indicated)  is  from  the  central 


a 


vertical  line  or  element  at  C  to  - ,  or  for  one  half  the  blade, 

2 

and  the  result  is  doubled  for  the  whole  blade.     Performing 

the  integration  of  (51),  we  have 


-/ 


a 
—  ^^ 

2 


r^.dr 
c    3"^> 


a 
21- 


a"  a' 

=  —  =a   ~ 
12        \  12 


whence 


(-2) 


K^M' 


a' 
12 


(S3) 
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That  is,  since  o  is  the  length  of  the  magnet,  it  is  also  for 
this  particular  blade  its  mass  M' ,  whence  eq.  (53)  from  the 
last  member  of  eq.  (52). 

Now  suppose  that  two  blades,  identical  with  that  in 
Fig.  391,  be  successively  attached  parallel  to  it,  one  on 
each  side,  so  as  to  build  up  a  symmetrical  bar  of  any  width; 
then  the  cross-section  will  no  longer  be  a  line,  but  have 
width  as  well  as  depth:  denote  this  width  by  h\  as,  in 
the  case  of  the  single  blade,  the  integration  was  effected 
by  summing  up  the  number  of  vertical  lines  composing 
its  length,  so,  now,  in  the  case  of  the  rectangular  bar  which 
has  been  formed  by  adding  rows  of  similar  lines  on  each 
side  of  it,  we  must  sum  up  their  number  laterally — that 
is,  integrate  for  the  width  h  as  well  as  for  the  length  a; 
and  introducing  this  directly  into  eq.  (53),  we  have 


A'  =  A/' 


■'^^' 


(S4) 


which  gives  the  moment  of  inertia  of  a  rectangular  bar — 
a  parallelopipedon  whose  length  is  a,  width  b,  and  mass  M', 
and  which  oscillates  round  an  axis  through  its  center  of 
gravity,  perpendicular  to  the  horizontal  plane  containing 
its  length  and  width. 

If  a  pivoted  magnet  A,  Fig.  392,  be  placed  under  the 


Fig.  391, 

influence  of  another  magnet  B,  the  axes  of  both  being  in 
the  magnetic  meridian  (H),  and  ^4  be  set  in  motion,  it  will 
have  a  definite  period  of  oscillation;    if  either  a  stronger 
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^ 


or  a  weaker  magnet  replace  B,  the  period  will  change  with 
each;  and  if  B  be  removed  altogether,  the  period  will 
still  differ  from  either  of  the  preceding,  the  magnet  A 
oscillating  under  the  influence  of  the  Earth's  field  alone. 
A  part  of  the  period  in  each  case  is  due  to  the  form  and 
weight  of  the  magnet — to  its  moment  of  inertia,  and  is 
therefore  constant  for  the  same  magnet  -4 ;  the  variable 
part  is  due  to  the  changed  magnetic  condition  in  each 
case. 

Recurring  to  the  formula  for  the  period  of  oscillation, 

"i '" 

we  have 

\lf-7 (SS> 

and 

7-^ (56) 

It  has  already  been  shown  that  g  represents  the  force 
and  /  the  moment  of  inertia;  the  analogy  between  a  pen- 
dulum and  a  magnet  in  oscillation  is  therefore  too  ob\'ious 
to  require  more  than  directing  attention  to  it;  the  expres- 
sion for  moment  of  inertia  applies  equally  to  pendulum 
and  magnet,  tiut  the  force  of  gravity  acting  on  the  pendu- 
lum is  replaced  by  the  force  of  magnetism  acting  on  the 
magnet:  this  latter  force  is  contained  in  the  expression 
M .H,  as  explained  in  Arts.  122,  171.  and  176.  Vol.  I.  Rep- 
resenting in  general  the  moment  of  inertia  of  the  magnet 
by  K,  !eq.  (47)  | .  and  substituting  K  for  /  and  M  .  H  ior  g 
ineq.  (56),  it  becomes 

M.H    ^' 

^K        7* (57J 
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Placing  this  tmder  another  form,  we  have 


^A-W.H 


(58) 


With  M  and  K  constant,  that  is,  using  the  same  magnet, 
let  it  be  oscillated  in  different  fields,  H^  and  /f„  for  the 
same  period  T :  the  number  of  oscillations  in  both  fields 
will  differ — denote  them  by  «i  and  n,  respectively;  then 
from  (58),  by  analogy,  we  have 


="-'^\m^ 


(59) 


and 


whence 


Therefore 


or 


(62) 


(63) 


or 


Hi:Ht=n,'*.n* (64) 


That  is,  the  intensities  of  the  two  fields  are  proportional 
to  the  square  of  the  number  of  oscillations  that  the  same 
needle  makes  in  them  during  the  same  period  of  time. 
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If,  on  the  other  hand,  we  note  the  times  T^  and  7", 
required  to  make  the  same  number  of  oscillations  in  both 
fields,  we  have  by  analogy  with  (gg)  and  (60) 

I — 7^ 

apd 

Whence 

or 

m-T^ <'" 

or 

Hr.H,  =  T,'':7V (69) 

That  is,  the  intensity  of  the  fields  is  inversely  proportional 
to  the  squares  of  the  times  in  which  tlie  magnet  makes  tlie 
same  number  of  oscillations. 

For  bodies  of  other  than  regular  geometrical  form, 
and  especially  when  composed  of  different  materials,  such 
as  compass-cards  are,  the  moment  of  inertia  is  determined 
by  oscillating  the  card  first  alone,  and  then  burdened  with 
some  regular  body — for  instance,  a  rectangular  brass  bar: 
loaded  and  unloaded,  the  magnetic  moment  (M.H)  will 
be  the  same,  but  the  moment  of  inertia  (/v)  will  varj', 
and  with  it  the  period  of  oscillation  ('/").  Denote  the 
periods  by  T'  and  T",  the  moment  of  inertia  of  the  card 
alone  by  K',  and  that  of  the  regular  body  added  to  it  by 
K";  then  by  analogy  with  (58)  we  have 
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and 

^"-A^. (7.) 

whence,  dividing.  (70)  by  (71), 

and 

T\K'  +  T\K''^T'\K'\      .     .     .     (73) 

also 

K'(T'^-r')^K'\T^ (y^) 

Therefore 

^    ~  2^//j__  'r/a \7S) 

9 

Of  the  second  member,  7^"  (relating  to  the  added  body 
of  regular  form)  may  be  calculated;  T'  and  7"  are  ob- 
served;   and  hence  K'  becomes  known:    then  from  (70) 

we  have  M.H=    ^,2    \  hence 

M^jir-j^ ^76) 

All  the  quantities  in  the  second  member  are  now  known, 
so  that  My  the  magnetic  moment  of  the  card,  or  rather 
of  the  system  of  four  needles  on  it,  is  also  known. 

It  must  be  tmderstood  that  the  foregoing  procedure 
is  possible  only  with  the  card  suspended  in  air  by  a  fiber 
of  silk;  for,  once  sealed  in  the  bowl,  it  is  inaccessible  for 
placing  a  weight  on  it  to  determine  K\  and  thus  there 
would  be  this  unknown  quantity  in  equation  (76). 

231.  Arrangement  of  the  needles  on  the  card. — This  is 
not  a  matter  of  mere  symmetry,  but  of  symmetry  based 
on  the  greatest  advantage  obtainable  from  the  moment 
of  inertia  of  the  needles. 
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■  .1. 
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that  jtist  made — that  increased  moment  of  ^inertia  facili- 
tates action  of  the  magnetic  moment.  It  will  now  be 
shown  how  K'  is  made  a  maximum. 

By  reference  to  Plate  .V  (2),  it  will  be  seen  that  the 
needles  do  not  oscillate  round  axes  through  their*  own 
centers  of  gravity ;  but  that  the  whole  system  swings  about 
its  center  of  figure  B  as  represented  in  Fig.  393 :   it  is  the 

case  of  an  axis  of  gyration  (Vfe^  +  /t')  parallel  to  one  {k) 
through  the  center  of  gravity,  which  has  already  been  in- 
vestigated for  Figs.  389  and  390. 

Consider  a  diagram  of  the  compass-card — Fig.  393: 
L,  M,  P,  Q  are  the  four  needles  forming  chords  of  a  circle ; 
for  simplicity  of  this  investigation,  they  are  supposed  to 
be  thin  rectangular  plates — knife-blades,  as  in  Fig.  391 . 

^-r (77) 

the  radius  of  this  circle;  AC  is  the  magnetic  axis  of  the 
system,  parallel  to  the  needles;  by  Geom., 

ABD^BDH  =  <I>\ (78) 

let  mi=l, (79) 

the  length  of  the  needle  M ;  and 

BH^h (80) 

a  perpendicular  from  the  pivot  upon  DM,  the  pivot  is 
the  center  of  moments,  both  magnetic  and  of  inertia. 
Denote  the  moment  of  inertia  of  the  needle  M  about  its 
center  of  gravity  H,  by  K^ :  as  it  is  a  uniform  body,  the 
mass  is  proportional  to  the  length;  hence,  by  (52), 

^-  =  7^=^x2) ^8^) 

It  is  not,  however,  the  moment  of  inertia  about  H  that 
is  reqtured,  but  that  about  a  parallel  axis  through  B,  so 
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that  the  case  reverts  to  that  expresaed  by  (47).  or  by  ffae 
last  member  of  (50),  in  which  k*  there  cocreapouds  to 

/J7/»  in  Fig.  393;  M'  in  (50)  to  I  in  (81);  and  P  m  (50)  to 

(it)  ^  <«^>- 

Let   A''m  be  the  moment  of  inertia  of  the  needle  M 
ulxnit  the  axis  through  B\  then  from  (50).  (80).  and  (81). 

A:'« -/(*«+*») -/(^+A»).      .    .    .     (82) 

IVtonuining  /  and  h  in  terms  of  the  ladins,  keeping  (77) 
to  vSo>  in  view,  \ve  haw,  by  Trig.,  from  Fig.  393, 


BH 
sinBDH^-^^     or    A»r.sin^;     .    .    (83) 

BD 

aiui 

A'=r'.sin»^; (84) 

DH 
cos  BDH'-^-^^    or    ^/-r.cos^     .    .    (85) 

BD 

/=«2r.cos  6; 

P=4'^\cxV6 (86) 

SulwiituTiv.s:  values  from  'S4'  and  ^So^  in  the  last  member 

.   *  4*'*. cos*  6        •    •  •  .  J         /«  V 
sin*  9  =  1— cos' 9: (88) 
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substituting  (88)  in  (87).  we  have, 


K\  =  {2r .cos  ip)  < 


i  v'- 


-  +  r 


-  r'  cos'  1^  [ 


(89) 
(90) 


(51) 


(9=) 
(93) 


(94) 


K'„=r*(l  cos'  ^  +  2  cos  1^—3  cos*  ^).     .     ,     . 

By  Trig.,  Art.  76,  cos  3^=4003'  ^  —  3  cos  <f>;  whence 

cos'  ^  -  i  cos  3^  +  3  cos  ^.       ... 

Substituting  this  in  (90).  it  becomes 

f^'m  =  '■H!(J  COS  30  +  i  cos  4>)  +  2   cos  0 

-2(J-  cos  30  + I  COS  0)],   . 

A''„=r'{cos0-Jcos30)=ir»(3cos  0-COS30).    .     . 
In  this,  the  quantity 

(3C0S  0-COS30) 

is  alone  variable,  and  it  is  sought  to  find  what  value  of  0 
will  make  it  a  maximum,  in  order  that  K'„  may  be  such. 

By  Calculus,  to  determine  the  maximum  of  a  quantity, 
is  to  differentiate  it  twice — place  the  first  differential  equal 
to  zero — find  the  roots  of  the  resulting  equation— sub- 
stitute these  in  the  second  differential — and  see  if  the 
result  is  negative:  if  so,  the  root  is  a  maximum  for  the 
original  quantity.  Performing  this  operation  on  (94), 
and  remembering  that  all  constants  may  be  omitted  from 
the  process,  we  have,  by  making 

>'=3  cos  0-cos  30 (9S) 

dy' —  3  sin  0 .  d 0  +  3  sin  3  0 .  d4>. 

.  dy 


-3  sin  0  +  3  sin  30, 


and 


"  —  3  cos  <p  +  9  COS  30. 


(96) 
(97) 
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Placing  (96)  equal  to  zero,  we  have 

—  sin  ^  + sin  3^=0 (98) 

By  Trig.,  Art.  75, 

sin  3^  =  4  sin  ^  .  cos'  ^  —  sin  ^.       .     .      (99) 

Substituting  this  in  (98),  it  becomes 

—  sin  ^  f  4  sin  ^  .  cos'  ^  —  sin  ^  =0 ;  .     .     (100) 
dividing  by  sin  ^,  it  is 

—  1+4COS' ^— I  =0;    or    cos'^-i.      .     (loi) 

ByTrig.,  Art.  30, 

i=cos'4s; (102) 

whence 

^"=45"' (103) 

From  (97),  the  second  differential  is 

-cos  ^  +  3  cos  3^ (104) 

By  Trig., 

cos  3  ^  -=  4  cos'  ^  —  3  cos  ^.  .  .  .  (105) 
Substituting  this  in  (104),  it  is 

—  cos  ^+12  cos'  ^  —  9  cos  ^.  .  .  .  (io6) 
Dividing  by  cos  ^,  it  becomes 

— 10 +  12  cos  ^ (107) 

By    Trig.,    since    <^=4S°,    cos45°  =  i\/2,    whence     (107) 
becomes 

-io  +  i2(i\/2)  =  -7.6 (io8) 
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■This  being  negative,  shows  that  45°  is  the  maximum 

angle  of  which  the  needle  DM  should  be  the  chord,  in 
order  that  its  moment  of  inertia  K' „  may  be  a  maximum. 

Were  no  other  consideration,  then,  than  the  maximum 
moment  of  inertia  to  govern  in  the  number  and  arrange- 
ment of  the  needles  on  a  compass-card,  we  should  have 
only  two — placed  symmetrically  on  the  chords  of  45°,  as 
at  L  and  M,  Fig.  393 ;  but  other  reasons  do  exist  to  decide 
upon  four  needles,  rather  than  two:  first,  the  destructive 
influence  upon  each  other's  magnetism  is  less  with  the 
same  nimiber  of  wires  divided  into  four  bundles,  and  thus 
real  power  is  gained ;  second,  the  needles  must  be  so  dis- 
posed that  their  moments  of  inertia  shall  be  the  same 
around  all  diameters  of  the  card,  otherwise  there  would 
be  a  wabbling  motion  instead  of  uniform  oscillation. 

To  investigate  this  matter,  let  Fig.  394  represent  two 
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Fig.  394. 

parallel  needles  P  and  Q  placed  at  angular  distances  6 

and  S'  from  the  central  diameter  .4^,  parallel  to  them. 

If  the  moments  of  inertia  around  AC  are  the  same  as 

those  around  the  diameter  RS.  perpendicular  thereto,  the 
identity  will  hold  for  all  other  pairs  of  diameters  at  right 
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angles  to  each  other,  that  is,  all  rotind  the  circle.  The 
question,  then,  is:  What  values  must  be  given  0  and  d\ 
that  is,  what  arcs  must  P  and  Q  be  the  chords  of,  in  order 
that  their  moments  of  inertia  shall  be  the  same  rotmd  all 
diameters  ? 

The  needles  being  regular  cylindrical  bodies,  only  one 
half  their  lengths  need  be  considered ;  hence,  by  Mechanics, 

M  being  the  mass,  the  moment  of  inertia  K'  of  EF  with 

respect  to  the  point  F  of  the  diameter  RS  is 

K'^\M,EF^\ (109) 

and  with  reference  to  the  point  B  of  the  diameter  AC,  the 
moment  of  inertia  of  EF  is  proportional  to 

M.BF^^K" (no) 

Similarly,  for  E'F'  we  find 

K,  =  ^.M.E^'\ (in) 

and 

K^=^M,BF'' '.     (112) 

Let 

BA=BE  =  BE'=^r,      ....     (113) 

the  radius  of  the  circle  of  which  the  needles  are  the  chords : 

BF 
then  from  Fig.  394,  sin  ^  =  — ; 

/.    BF^r.sin  d, 
and 

£F'«r^sin»/?; (114) 
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also, 


and 


and 


also, 


BF'»=r«.sin^»' (115) 

cos^= . 

r 

.*.    EF ^r. COS  d=M, 

EF^^r\cos^d; (116) 

£7F'=r.cos»'=M, 


and 


E'F'^  =  r\Qos^e'.    .     .     .     .     .     (117) 

ThemassesM  {in  the  equations  (115)  to  (117)}  of  the  half 

lengths  of  the  needles  are  proportional  to  EF  and  E'F'. 

Then,  in  order  that  equality  may  exist,  we  must  have 
the  moments  of  inertia  of  both  half  needles  roimd  the 

diameter  RS  the  same  that  they  are  roimd  the  diameter 

AC,  or,  stated  analytically,  from  equations  (109)  to  (112), 

K'-\-K,^K''-\-K,, (118) 

which,  by  means  of  (109)  to  (117),  becomes 

J(r,cos  d)(r\cos^  0)+^{r.cos  e'){r\cos^  0') 

=  (r.cos  »)(r'.sin'  0)  +  (r.cos  e'){r^  gin'  0').     (119) 

That  is, 

J(cos'  ^  +  cos'  0')  =cos  e.sin'  fl+cos  0' .sm}  d\     (120) 
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By  Trig.,  sin' tf  «i  — cos' tf;  substituted  in  (120),  this 
becomes 

\  cos*  d-\-\  cos*  d'  =cos  e-cos*  ^  +  cos  ^'-cos*  ff)     (121) 

whence 

cos*  e  +  cos*  d'  =|(cos  ^  +  cos  d'),     .     .     (122) 

If  we  tnake 

cos'  fl  -  cos  d  cos  ^'  +  cos'  ^'  =  f ,     .     .     (123) 

this  assumption,  if  substituted  in  (122),  will  make  it 

cos'  d  +  cos'  0'  =  cos'  0  —  cos'  ^  cos  0'  +  cos  ^  cos'  ^ 

+  cos'  fl  cos  0'  -  cos  ^  cos'  0'  +  cos'  tf'.     (124) 

Both  members  of  (124)  reduce  to  an  identity,  so  that 
the  assumption  made  in  (123)  is  correct.  By  subtracting 
J  cos'  0'  from  both  members  of  (123)  it  becomes  a  perfect 
square;  thus, 

cos'  fl  -  cos  fl  cos  0'  +  cos'  0'-i  cos'  5'  =  i  -  J  cos*'  0\  (125) 

or 

cos'  tf  — cos  0  cos  ^'  +  (1  —J)  cos'  0' 

=  i(i-cos'i9')-Jsin'  0\     (126) 

Extracting  the  square  root,  this  becomes 
cos  ^  -  i  cos  0'  ^±  sin  ^ V| 

=  ±sinr-^  =±  i.\/3.sm0'.     (127) 

That  is, 

cos  tf  =  i  cos  ^'±i>/3-sin  ^'.    .     .     .      (128) 

By  Trig.,  pages  19  and  20,  cos  60°  =  i  and  sin  6o°  =  i\/3, 
whence  (128)  becomes 

cos  0  =  cos  60°  cos  0^  ±  sin  60°  sin  ^'.    .     ,     (129) 


This,  by  Trig.,  page  ai,  becomes 

cos  6  =  COS  (0'  ±60°) (130) 

Hence  d  =  0'±  60°,  or 

d~e'  =  0'-0=to'> (131) 

That  is  to  say,  an  arc  of  60°  must  intervene  between  the 
ends  of  the  needles,  or  they  should  be  placed  30°  on  each 

side  of  the  central  diameter  AC,  as  at  E'P  and  EQ,  Fig, 
394. 

Now,  four  chords — at  15°  and  45° — one  of  each  on  the 
same  side  of  the  central  diameter,  are  equivalent,  as  regards 
symmetry  of  position  and  equality  of  moment  of  inertia, 
to  two  chords,  one  at  30°  on  each  side— that  is  to  say. 
the  same  weight  distributed  among  four  needles  or  divided 
between  two  needles:  therefore,  by  placing  four  needles 
on  chords  of  15°  and  45°,  two  on  each  side  of  the  pivot, 
we  combine  two  most  important  points — maximum  moment 
of  inertia  with  its  equality  of  distribution. 

An  investigation  into  the  effect  of  the  length  of  needle 
upon  the  deviations  shows  that,  when  not  abnormally 
long,  some  of  the  less  familiar  deviations,  such  as  the  oc- 
tantal,  sextantal,  and  decantal,  are  entirely  avoided  by 
placing  four  needles  on  chords  of  1 5°  and  45°. 

Hence,  to  sum  up  the  advantages  of  this  arrangement: 
ist,  increase  of  magnet  power;  ad,  maximum  moment  of 
inertia;  3d,  equalization  of  this  on  the  system,  thereby 
insuring  steady  oscillation  of  the  card;  and  4th,  avoid- 
ance of  deviations  having  more  frequent  maxima  and 
minima  than  the  semicircular  and  quadrantal  have. 

Accordingly,  the  four  needles  of  the  U.  S.  Navy  Com- 
pass are  placed  practically  on  the  chords  of  15°  and  45° 
of  the  circle  through  their  magnetic  foci,  as  L,  M,  P,  Q, 
Fig.  393,  reckoning  the  angular  distance  from  the  magnetic 

axis  AC  of  the  system. 
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233.  Dip,  and  steadiness,  of  the  catd. — If  a  knittii^- 
oeedJe  be  balanced  00  an  axis  througfa  its  center  of  gra\-ity, 
it  win  bang  Ie\-el  at  aD  points  trf  the  Earth  to  which  it  may 
be  carried;  but  wben  magnetized,  it  will  no  longer  do  so: 
it  dips,  and  variously,  accrxding  to  the  latitude. 

Dry  compasses  have  a  small  slidiiig  weight  to  restore 
the  card  to  \e\e\.  This  is  not  necessary  on  our  card :  the 
center  of  buoyancy  is  d^htly  below  the  center  of  suspen- 
rion,  and  the  center  of  gravit>-  is  far  below  both — about 
three-<juarters  of  an  inch ;  this  means  that  there  is  a  great 
tendency — a  mechanical  moment — of  the  card  itself  to 
keep  leveL 

To  illustrate,  consider  Fig.  395:    a  magnet  is  poised 


k 


A 


with  its  center  of  gravity  C  well  below  the  point  of  sus- 
pension ;  when  carried  toward  polar  regions,  the  tendency 
of  the  magnetic  couple  MM  is  to  tilt  the  magnet  as  in 
Fig.  3q6:  if  effectual,  the  center  of  gravity  is  displaced 
tu  0,  and  the  mechanical  couple  thus  called  into  action 
counteracts  the  magnetic  couple. 

The  mechanical  couple  is  illustrated  by  Fig.  397:    0 
is  the  displacement  of  the  center  of  gravity  from  C,  which 

will  increase  with  PC;  that  is,  with  the  distance  between 
the  centers  of  gravity  and  suspension ;  and  the  mechanical 

couple  will  be  the  product  of  the  arm  OC  and  weight  of 
the  bar. 
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Now,  "  It  has  been  shown  that  the  effect  of  magnetizing 
a  bar,  under  the  most  advantageous  circumstances  of 
form,  and  at  the  part  of  the  globe  where  the  vertical  com- 
ponent of  the  magnetic  force  is  greatest,  is  the  same  (as 
to  its  position  of  equilibrium)  as  if  its  center  of  gravity 
had  been  transferred  about  the  one-fortieth  dV)  of  an 
inch  toward  the  north  end;  so  that  the  moment  of  the 
force,  exerted  by  the  vertical  component  of  the  Earth's 


Fig,   397,  Fio.   396. 

magnetism,  can  never  exceed  this  small  quantity  mul- 
tiplied by  the  weight  of  the  bar  (Lloyd)."  That  is  to  say, 
if  in  Fig.  396  the  pivot  were  moved  -^  inch  from  the  center 
toward  the  A'-end  of  the  magnet,  this  would  make  it  hang 
level. . 

As  this  is  the  maximum  effort  of  the  vertical  magnetic 
couple,  it  can  exert  no  appreciable  influence  on  our  card 
with  its  large  mechanical  couple:  practically,  the  card 
remains  level  in  all  latitudes  to  which  our  ships  go. 

Regarding  steadiness,  it  was  shown  in  Art.  231  how 
the  arrangement  of  the  needles  contributes  to  that  end 
when  motion  at  all  is  set  up  by  the  rolling  and  pitching 
of  the  ship:  the    great    distance  between   pivot-point  and 


center  of  gravity  of  the  card  also  conduces  to  it  in  a  high 
degree. 

Upon  the  Scoresby — Fig.  428,  Part  Third— a  compass 
was  mounted  as  on  a  ship,  and  the  littie  vessel  was  then 
rolled  more  quickly  and  deeply  than  ever  a  go-day  gun- 
boat could  approach,  and  yet  the  card  remained  steadfast 
to  its  course. 

The  fact  that  the  center  of  gravity  of  the  card  is  always 
practically  in  the  vertical  axis  through  the  pivot,  leaves 
no  eccentric  weight  for  the  roll  and  scend  of  the  ship  to 
act  upon :  in  Fig.  396,  if  a  weight  had  to  be  placed  on  the 
upper  end  of  the  magnet  to  restore  level,  we  should  have 
a  horizontal  pendulum  {on  a  small  scale)  to  which  every 
roll  of  the  ship,  especially  when  on  courses  parallel  to  the 
needles,  would  be  an  impulse  to  set  up  troublesome  oscilla- 
tions. 

233.  Effect  of  the  length  and  airaogemeBt  of  the  needles 

OD  the  deviations. — In  Fig.  398,  let  NS  represent  a  needle 


deflected  to  any  angle  from  the  meridian  by  a  magnet 
whose  near-pole  is  at  D — the  remote  pole  not  being  con- 
sidered, as  its  influence  only  lessens  the  effect  of  the  near- 
pole.  This  point  and  others  relating  to  the  present  inves- 
tigation are  treated  in  vol.  1,  pages  252,  272,  288,  294,  385, 
392.  and  437. 


Let  m  be  the  magnetic  intensity  of  the  A''-end  of  the 
needle,  and  m'  that  of  the  5-end;  they  often  appear  un- 
equal, as  is  found  in  testing  compass  needles;  but  although 
not  really  so,  yet  it  is  the  apparent  action  that  must  con- 
trol in  what  follows,  as  all  deduced  results  depend  upon 
that;  let  q  be  the  magnetic  intensity  of  the  deflecting 
influence  at  D;    then  the  attractive  force  exerted  on  the 

A'-end  of  the  needle  is  — '—,  and  the  moment  F  of  this 
force — the  effort  to  turn  the  needle — is 


(■3=) 


CF  being  a  perpendicular  from  C  upon  the  direction  PND 
of  the  force.    In  Fig.  398,  let  NS  =  2/,  or 

CN-CS-1. (,33) 

CD-e: (,34) 

«)-*;    •     •■ ('35) 

HCN-HCS-i,;      ....  (136) 

("37) 


and 

li    Then,  by  Trig.. 


I 


CND-„; 

NCD.(I (,38) 


.-.    CP-l.sinCNP;  ....    (139) 
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Substituting  the  last  member  of  (154)  for  p  in  (142),  this 
becomes 

or 

/  r/     9  ^'\  I 

F  =  m.?.-,|^^^i+-.^j  sm^  +  3.-.sin^.cos^ 

15  ^'  1 

+  —  .-3.sin^.cx>s  2/9  1.     (156) 

By  Trig., 

sin  ^  cos  ^  =  i  sin  2^ (iS7) 

and 

sin  ^  cos  2/9  =  i  sin  3/9  -  i  sin  /?.       .     .     (158) 

Substituting  (157)  and  (158)  in  (156),  it  becomes 

iv I      g   P\  3  /     . 

^^^•^•?LV  +-  '-2)  sin^  +  -.-.sm  2/9 


8  'e' 


15    /'  T 

+  -^.-2.sm3/9--g  .-j.sin^J,     (159) 


or 


F-m.9i[(i+|.^')sin^+(^j)sin./? 


+ 


(^.^T)sm3/?].      (160) 


This  is  the  attractive  force  of  D  upon  the  N-end  6f  the 
needle;  but  there  is  also  a  repulsive  force  F'  on  the  5-end; 

to  find  this,  we  must  determine  the  distance  SD  =h\  which, 
equally  with  h,  is  a  function  of  the  length  of  the  needle: 
the  procedure  to  get  F'  is  obviously  identical  with  that  just 
gone  through  for  F,  with  a  similar  resulting  expression; 
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we  may  therefore  write  at  once  an  equation  like  (i6o)  for 
F',  with  such  change  as  the  value  of  h'  naturally  introduces. 
In  Fig.  398,  by  Geom.. 


by  Trig.. 


5CD  - 1 80°  -  ,VC£)  - 1  8d°  -  / 

.53'-SC"  +  CD'-2SC.CD.cos  (li 
/i"=/'  +  e'- 2/.e.cos  (180°  —  / 


.     (161) 

,  (162) 
.  (163) 
.     Cl<>4) 

.     (I6s) 

therefore,  where  cos/3  occurs  in  (156)  we  must  substitute 

—  cos/3  for  it;  this  is  in  the  third  term  of  the  second  mem- 
ber, so  that  the  corresponding  term  in  eq.  (160),  that  is, 

-  .-  .sin  2^,  must  be  negative. 


But  by  Trig., 


=  [/»  +  e'-2/.c,cos(i8o°-/9)]*. 


cos  ( 1 80°  —  ^}  =  —  COS  /5 


F'=» 


■^[(-^^) 


sin  /?- 


Hence 

/.I  i\ 


I  sin  2/9 


A- 


(.66) 


A  quantity  of  which  the  sine  of  an  angle,  as  sin  /5,  Jsl 
a  factor,  will  pass  through  all  its  niunerical  values — -hav*W 
ing  one  maximum  and  one  minimum, — while  the  angfa 
changes  through  a  semicircle ;  and  when  such  a  quantits^^ 
is  a  deviation,  it  is  hence  called  semicircular:  similarly,' 
a  deviation  affected  by  the  sine  of  double  the  angle,  as 
sin  2(9,  will  have  two  maxima  and  two  minima  in  a  semi- 
circle, that  is,  one  of  each  in  a  quadrant,  and  is  therefore 
called  quadrantal;  likewise,  one  affected  by  the  sine  of 
treble  the  angle,  as  sin  3/?,  will  have  three  maxima  and 
three  minima  in  a  semicircle,  or  six  in  a  circle,  and  is  called 
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K'xtantal;    by  analogy,  the  octantal  deviations  are  con- 
lUH'lcd  with  sin  4/?,  the  decantal  with  sin  5^,  and  so  on. 

Now  it  will  be  observed  in  (160)  and  (166)  that  there 
(U'c*  tiTins  affected  by  sin  /?,  sin  2/?,  and  sin  3^  —  that  is, 
mMiiicirrular,  quadrantal,  and  sextantal  deviations:  there- 
Inrr,  wlu'u  there  is  only  a  single  needle,  placed  on  a  diam- 
vWx  of  the  card,  as  in  Fig.  398,  and  the  needle  is  not  of  the 
livpot helical   infinitely  small  size,   but  of  such  practical 

h»nj.;th  as  may  be    used  in  a    compass,  the  semicircular 

3/' 
ilmiation  is  increased  by  the  quantity  ^;   a  quadrantal 

« 

trnn,    1/  •  .    .is  introduced;  and  a  sextantal  amount  equal 
a    c  ^ 

to  ^  ,     .is  added;    and  it  will  be  further  noticed  that  in 

|lu»M^  iulilitions  (semicircular  and  sextantal)  the  increase  is  in 
|»h»|H»i  tiou  to  the  square  (/-)  of  the  half-length  of  the  needle. 
\\\  romparinj:  (lOo'i  and  (166),  it  will  be  seen  that  m 
luul  m  s\\\'  Iho  only  factors  that  differ:  if  equal,  that  is,  if 
\\\\\  \\\.\>^\\v\w  intensity  is  s\'Tnmetrically  distributed  in 
\^A\\  ru\ls  of  the  needle,  the  quadrantal  term  will  dis- 
♦^»\v,M  bv  adding  the  two  equations,  or 

-r  ^" .  ^:r  sin  3^J.     (167) 

ISu  \^  tho  total  tunur.s:  force  of  D^  Fig.  398,  deflecting 
^V  ^*\s^^*^'  twMU  the  iv.oridi.in.  while  the  combined  mag- 
^v^^s  \UNV\w\\t  v^f  Karth  a:\;  ::coo.le,  J\'.H. sin  ^  (see  Part 
>\x^^.  i\\i;\^  ;^K^vo  oitevi\  pulls  it  back:  when  equilibrium 


\  \  vXK  t^-^y 


-  ^v* 


^* .  •  K^  ^  v^  1'  ^^"  '^^  ^  V  r  ^^  ^\  ^^^*^ 
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We  now  pass  to  the  consideration  of  the  force  acting 
on  iwo  needles  placed  as  chords  of  the  card — Fig.  399:  a 
comparison  of  this  with  Fig.  398  shows  that  the  conditions 
are  similar — the  needle  of  Fig.  398  is  simply  moved  out 
of  its  central  position  to  form  a  chord,  as  in  Fig.  399,  and 
shortened  to  the  length  of  that  chord,  while  another,  its 


Ftc.   399, 

exact  equal,  is  symmetrically  placed  on  the  other  side, 
the  only  change  then  entailed  in  the  previous    investiga- 
tion is  to  obtain  new  values  for  the  corresponding  angles 
From  Fig.  399,  by  Geom..  \vc  have 

NCD^^-6;       .     .  .     .     (169) 

5CD  =  i8o°-;5-f?-=i8o°-l^-K').    .     .     (170) 
N'CD  =  20  +  ACD  =  20+li~e=^  +  g;      .     (171) 


S'CD  =  180" ~NCD -180° -§-i-e  =  i&o°~(fi- 6).  fi72) 

In  the  formulas  for  one  needle,  for  two,  and  for  four,  I  stands 
for  the  same  thing,  viz.,  the  radius  of  the  circle  thrnugh 


the  ends  of  the  needles:  it  happens  to  be  the  half-length 
of  the  needle  in  Fig.  398,  where  it  forms  the  diameter  of 
the  circle. 

Designating  by  N,  S,  N',  and  S'  the  force  acting  on 
each  end  of  the  respective  needles,  we  have,  by  analogy 

with  {160)  and  (166},  for  the  needle  NS,  by  substituting 
the  values  from  (169)  and  (170)  in  {160)  and  (166): 

.V-...<).,4[(i+|i^)sin(^-e)  +  fjsin2(^-») 

+  -^.ji  sin  3(^-8)].     (17,,) 
5-„'.,.^.[(,+|^-:)si„(,3  +  9)-i 


sin  2(fi+d) 


'5  l\... 


8  -e' 


sin  3 (;?  +  (?).     (174) 


And  similarly  for  the  needle  N'S',   by  substituting  thu 
values  from  (lyi)  and  (172)  in  (160)  and  (166): 

3' 


N'  =m.q 


^[(-i9 


')+-. 


;  sin  2(^+1?) 


Ill' 


,,sin3(,9+6)   . 


].     (.. 


S'  -m'.  <;^-[,[(.  +  \'^)  sin  (/3-  »)  -  \~  sin  ,(fi-l» 

+  y,TSin3(?-»)].     (176) 

Considering  the  magnetic  intensity  symmetrically  dis- 
tributed in  tile  two  needles,  so  that  m  =  m',  and  adding 
the  four  equations  (173),  {174).  (175).  and  (176),  the  quad- 
rantal  terms  cancel,  and  the  following  is  the  result: 


W+S+W'+S'-4JV-2«.<;.-ji[(i+||)-jsin{/)+«) 

3(/J+»)+sin3(/9-e)  [].    (177) 


+  sin(^-»)|+^.| 


^ 


1) 
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But,  by  Trig., 

sin  (/?  +  »)  +sin  (^-6)  =2  sin  ^  cos  0,  .  .     (178) 
and 

sin3(j9+^)+sin3(^-e)  =  2  sin  3^  cos  3^;      (179) 

substituting  these  in  (177),  it  becomes 

4iV  =  M.i/sin  ^  =  2.w.g.— ^1  (i+|  -2^)2  sin ^ cos  6 

15    P  T 

+  -g.-2  (2  sin  3^  cos  30)J,     (180) 

or 

A/.i/sin  ^=»4W.5  -a-.cos&j  fi+|-7Jsin^ 


/15  P   cos3e\    .      nl     ,  o  , 
+  (8  ?-^Vj-«"^34    (181) 


This  is  the  total  pull  on  the  two  needles  by  D,  and  is 
balanced  by  M .  H .  sin  ^ :  if  the  intensity  of  the  needles 
be  not  symmetrically  distributed,  the  quadrantal  term 
must  be  inserted  in  (181). 

It  will  be  seen  in  this  equation  that  cos  ^0  enters  the 
coefficient  of  the  sextantal  term,  sin  3^;  therefore,  if 
30==Qo°,  [cos  90°  =0],  and  hence  the  sextantal  term  dis- 
appears: but  when  3.^  =  90,  ^  =  30°,  or,  in  Fig.  399,  the 
needles  should  be  placed  60°  apart,  30°  on  each  side  of 
the  central  diameter. 

This  result  is  identical  with  that  for  the  equal  distribu- 
tion of  the  moment  of  inertia,  so  that  these  two  important 
principles  coincide. 

Finally,  to  ascertain  the  pull  upon  four  needles  is 
obviously  but  an  extension  of  that  for  two:  there  are 
simply  more  needles  for  which  the  force  must  be  deter- 
mined and  more  angles  whose  equivalents  must  be  found 
and  substituted  in  (160)  and  (166);    the  procedure  is  so 
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similar  to  that  just  gone  through,  that  only  the  result 
need  be  written ;  it  is ; 

j,ji  u    ■    X     <,          '          (8^0'\        (l>-0'\ 
M.n. sm.  9  ■=  am.q.  -j.cos  [ I  cos  I I 

This  is  the  total  pull  by  D  on  the  four  needles  of  Fig.  400 


when  the  magnetic  intensity  is  symmetrically  distributed 
in  the  needles;  when  not,  the  quadrantal  term  must  be 
inserted  as  in  the  case  of  one  needle  and  of  two:  it  dis- 
appeared in  adding  the  eight  equations  found  for  the  force 
on  the  ends  of  the  four  needles. 

In  (182),  0  IS  the  angular  distance  of  the  outside  needles 
from  the  central  diameter,  and  0'  that  of  the  inside  needles. 
These  angles  determine  the  lengths  of  the  needles. 


(^^) 
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In  the  coefficient  of  the  sextantal  term,  sin  3/3,  there 

is  the  factor  cos  3 1 1 ;  if  we  make  ( J  —  30°,   then 

3(30°)  =90°.  and  cos  90°  =0,  whence,  as  with  the  two- 
needle  system,  the  sextantal  term  disappears:  that  is,  if  the 
needles  be  placed  on  chords  of  15°  and  45°,  we  shall  have 

=  30°.     Thus,  for    the    four-needle    card,    the 

avoidance  of  sextantal  deviations  is  attained  by  placing 
the  needles  on  the  same  chords  (15°  and  45°)  that  aie 
requisite  for  the  equable  distribution  of  the  moment  of 
inertia — another  fortunate  coincidence  of  essential  prin- 
ciples. 

While  the  foregoing  investigation  is  based  on  a  smgle 
pole  at  D,  still  it  covers  any  disturbing  field,  however 
lai^e,  remote,  or  near,  but  it  is  evident  that  in  concen- 
trated fields  close-to,  the  effect  upon  the  system  in  Fig. 
400  will  not  be  equal  on  all  four  needles;  the  one  nearest 

D.  as  -ViS,,  will  feel  the  influence  more  than  any  of  the 
other  three,  and  wdl  exert  a  more  controlling  effort  on  the 
movement  of  the  card.  This  means  that  the  advantage 
of  placing  four  needles  as  chords  of  15**  and  45°  is  much 
lessened,  if  not  almost  lost,  by  the  vitiating  eflect  belong 
ing  to  a  smgie  needle,  and  thai  not  even  centrally  located. 
We  should,  therefore,  expect  large  sextantal  deviations 
from  strong,  concentrated  fields,  close-to,  and  indeed  not 
only  this,  but  also  octantal  deviations  which  are  realized 
in  the  case  of  the  U.  S.  S.  Atlanta's  steering  com- 
pass, whose  deviations  are  fully  investigated  in  Art.  327. 

The  condition  otherwise  is  not  at  ail  imaginary:  there 
are  already  magnets,  soft  iron,  and  hard  iron,  in  close 
proximity  to  the  compass  on  our  ships  of  war,  and  the 
probability  is  that  such  are  acting  more  on  the  nearest 
needles,  than  on  all  equally,  thereby  detracting  from  the 
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gain  their  proper  position  on  the  card  would  naturally 

afEord. 

This  remark  bears  directly  on  Art.  234,  relative  to  the 
size  of  the  compass. 

By  referring  to  equations  (150)  and  (151).  it  will  be  seen 
that  the  differentiation  of  {145)  was  carried  only  to  second 
differentials,  thus  affording  ]with  (145)  itself  when  l=o\ 
coefficients  for  only  three  terms  of  the  series  (146);  there- 
fore alt  subsequent  deductions  are  accurate  only  to  the 
degree  that  those  three  terms  afford:  series  (146)  is  infinite, 
however,  and  the  more  terms  that  are  employed,  the  more 
accurate  will  be  the  results  dependent  on  them. 

Differentiating  {148)  we  obtain  /'"(/),  and  then  by 
differentiation  of  this  we  get  /""(O ;  that  is,  the  third  and 
fourth  differentials;  making  /=o  in  both,  we  obtain  the 
coefficients  /'"(o)  and  /'"(o)  of  series  {146),  which,  when 
substituted  in  that  series  and  the  various  mathematical 
processes  are  performed  that  led  up  to  (182),  will  give 
the  following  as  the  value  of  (182)  based  on  differentiation 
carried  to  fourth  differentials  instead  of  second,  as  in  (182) : 

M .H . sin  4'  =  8)« . q .  — ,cos 


m^"^ 
[1-i-^ 


sin  ^ 


''"(t-e'^iii-e-- 


.  ,,  cos  5    I  COS  5    )  , 


This  is  the  total  pull  by  D  on  the  four  needles  of  Fig, 
400,  pro\-ided  their  magnetic  intensity  be  symmetrically 


m 
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distributed:    if  not,  a  quadrantal  term  with  sin  2^  must 
be  added. 

Comparing  (182)  and  (183},  it  ia  seen  that  the  use  nf 


more  terms  of  s 


5(146)  introduced  the  following: 


ii  1' 

bi,'  e*' 


an    increase     in     the     semicircular    term; 
ntirely 


105  /• 


crease  in  the  sextantal;    and  an  1 
decantal,  denoted  by  sin  5(S. 

If,  however,  we    make    = 


an  in- 

term — the 


then    s 


S{i8°)  -90°,    and   cos9o°  =  o,    whence    the    decantal    term 


disappears.     When 


18°,   then   (?-()'=  36°,  and  this 


should  be  the  distance  apart  of  the  needles  of  each  pair 
on  the  same  side.  If  the  needles  of  a  pair  be  moved  a 
little  apart — the  outer  ones  to  chords  of  48"  and  the  inner 
to  chords  of  12°,  this  will  satisfy  the  above  condition, 
and  the  decantal  term  disappears. 

Now  chords  of  12°  and  48°  differ  but  little  from  those 
of  15°  and  45°.  so  that  even  these,  on  which  the  needles 
are  practically  placed,  reduce  the  decantal  term,  if  not 
wholly  destroy  it. 

The  angle  ^.  to  which  the  compass-card  is  deflected, 
whether  it  carries  one,  two,  or  four  needles,  is  therefore 
represented  by  a  series  whose  terms,  as  in  {183),  have  a 
certain  angle  ^  and  its  multiples  for  one  factor,  and  con- 
stant coefficients  for  other  factors:  this  series  has  refer- 
ence exclusively  to  the  condition  of  the  compass  itself — -  ^ 
to  the  length  of  the  needles  and  their  location  on  the  card ; 
and  by  suitably  placing  them,  some  of  the  terms  are 
reduced  in  value,  or  caused  to  vanish. 

The  ScoRESBY  is  admirably  fitted  for  testing  experi- 
mentally all  the  results  of  the  foregoing  investigation. 
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234.  The  Size  of  the  Compass. — The  siu  of  the  com- 
pass is  a  favorite  point  of  attack  with  those  prone  to  inno- 
vation in  this  instrument:  a  large  card  graduated  to 
degrees  is  the  object  of  their  periodic  strife,  and  none 
would  dispute  the  contention,  if  it  were  merely  a  ques- 
tion of  more  material  wrought  into  seemly  shape ;  but 
the  size  of  the  compass— meaning  thereby,  essentially, 
the  length  of  the  needles  and  their  arrangement  on  a  card — 
rests,  as  shown  in  the  preceding  article,  upon  a  mathe- 
matical investigation  that  will  ever  resist  the  assaults  of 
those  unacquainted  with  the  subject.  And  it  is  often 
only  such  that  charge  headlong  into  it:  those  who  have 
some  knowledge  of  the  matter,  know  well  that  it  is  an 
entanglement  of  opposing  requirements  through  which 
a  careful  conservative  course   is  alone  practicable. 

The  mathematical  theory  of  the  deviations  conceives 
the  needle  to  be  a  material  particle — a  needle  so  short 
that  the  poles  are  scarcely  separated — a  needle,  in  fact, 
that  is  ideal,  whereas  the  real  one  has  considerable  length, 
is  not  very  distant  from  iron,  and  must  be  quite  strong 
to  control  the  direction  of  the  card.  Here,  then,  is  the 
first  unavoidable  departure  from  exact  conditions,  with 
a  corresponding  difference  between  theoretical  and  actual 
deviations. 

Connected  with  the  theory  of  the  deviations  is  their 
compensation,  for  their  analysis  affords  the  only  intelli- 
gent means  of  correcting  them ;  and  if  defect  enters  the 
foundation,  the  superstructure  will  be  faulty. 

Now,  every  inch  added  to  the  needles  beyond  the  un- 
avoidable one  they  must  have,  introduces  more  and  new 
deviations— the  primary  curves,  semicircular  and  quad- 
rantal,  are  increased,  while  octantal,  sextantal,  and  others 
less  familiar,  appear,  as  in  the  case  of  the  U.  S.  S.  Atlanta 
already  cited. 

The  theory  takes  cognizance  of  these  and  all  others — 
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they  are,  as  it  were,  but  the  varied  magnetic  harmonics 
superposed  upon  the  fundamental  note,  which  may  be 
readily  disentangled  and  spread  to  view:  but,  to  com- 
pensate them — that  is  another  question. 

Restraints  enough  are  already  put  upon  the  compass, 
and  if  we  unduly  lengthen  the  needles,  we  but  make  every 
mass  of  iron  in  the  vicinity  so  many  new  irritants;  and 
all  must  concede  that  masses  of  iron  and  steel — fittings 
of  the  ship,  to  say  nothing  of  soft  iron  and  magnets  used 
as  correctors — are  now  dangerously  enough  near  the 
needles  to  deter  any  one  from  prolonging  them  into  more 
remote  fields,  or  to  be  affected  more  strongly  by  proxi- 
mate ones. 

Better  not  contract  a  disease  than  have  to  dose  it 
constantly. 

The  arrangemettl  of  the  needles  on  the  card  will  no 
bnger  avail  to  avoid  certain  new  deviations  if  the  needles 
be  abnormally  long. 

Without  lengthening  the  needles,  the  card  cannot  well 
be  enlarged,  for  the  same  magnet  power  will  not  suffice  to 
easily  move  the  increased  weight  of  card ;  and  indeed  even 
with  longer  needles  we  get  a  compass  less  sensitive  and 
strong — proportionately ;  for  it  has  been  abundantly  shown 
in  Art.  3j6  that  the  magnet  power  does  not  increase  in 
the  same  ratio  as  the  mass,  but  far  below  it;  therefore, 
while  we  make  the  card  clearer  to  the  helmsman,  we  at 
the  same  time  have  one  that  moves  less  quickly  and  surely. 

Better,  far,  have  a  sensitive  card  that  will  invariably 
return  to  the  meridian  from  even  the  slightest  deflection. 

But  by  enlarging  the  card  we  trench  upon  another 
phase  of  the  matter — its  period  of  oscillation;  this  is  in- 
creased also:  now,  it  has  been  shown  in  Vol.  I,  that  as 
the  Ship  and  Compass  are  both  magnets,  their  every  motion 
sets  up  magnetic  waves  in  the  ether — definite  in  size  and 
period — corresponding  to  the  roll  of  the  one  and  the  oscilla- 


till 


■  -    ^■*'  ^  •    l^tt 


be  the  same,  and  then  be  successively  increased  by  two 
seconds.  When  the  periods  of  roll  and  oscillation  are  the 
same,  the  magnetic  waves  excited  by  the  ship  will  speedily 
set  the  card  oscillating;  and  as  the  movements  are  syn- 
chronous, there  is  no  reason  why  the  motion  of  the  ship 
should  not  soon  become  that  of  the  card,  and  continue  so. 

When  the  period  of  the  card  is  increased  2  s.,  or  when 
it  is  18  s.,  as  in  col.  (i),  it  may  5tar(  with  the  ship,  but  will 
soon  get  out  of  step,  and  in  twenty  rolls  will  have  only 
two  coincidences  nearly,  at  the  8th  and  17th;  in  col.  (2), 
with  the  period  of  the  card  20  s.,  there  are  four  coincidences, 
at  the  5th,  loth,  15th,  and  20th;  in  col.  (3),  with  the 
period  22  s.,  there  is  none  exactly  but  three  nearly,  at  the 
7th,  nth,  and  i8th  roll;  and  similarly  with  the  other 
columns:  it  would,  therefore,  seem  that  the  relative  pe- 
riods of  roll  and  oscillation  should  be  those  having  few 
coincidences  of  the  magnetic  waves  excited  by  both  ship 
and  compass. 

With  regard  to  the  graduation  to  degrees,  that  should 
be  continuous,  from  0°  to  360°,  with  only  the  four  cardi- 
nal points  indicated :  all  courses  and  bearings  then 
become  specific  by  merely  naming  the  number  of  degrees, 
without  even  the  addition.  North,  South,  East,  or  West: 
this  is  the  extreme  of  simplicity,  and  an  immense  gain 
over  present  locutions. 

Visibility  of  the  degree-marks  by  the  helmsman  is  of 
the  first  importance:  it  may  possibly  be  effected  by  an 
instrument-maker;  a  magnifying-glass  fixed  to  a  ring  like 
an  azimuth  circle,  that  could  be  revolved  roimd  the  com- 
pass as  new  arcs  of  the  graduation  were  required  in  view, 
might  attain  the  object. 

As  bearing  on  the  subject  of  this  article  and  the  pre- 
ceding, an  account  will  be  given  of  two  experiments  made 
with  the  ScoRESBY — Fig.  428, — to  show  the  effect  of  soft 
iron  and  steel  magnets  in  close  proximity  to  different  types 
cf  compass:  those  used  are  described  on  Plate  P. 
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Experiment  i.  Soft-iron  tube:  This  was  twenty- 
eight  inches  long,  two  inches  external  diameter,  walls  one- 
eighth  inch  thick,  and  weighed  eight  pounds.  It  was 
placed  on  the  Scoresby  as  in  Fig.  404 — axis  horizontal, 


N.E. 


E. 


lIllllllllMMIIMIIIIIIIirillll 


Fig.  404. 

parallel  to  keel,  in  plane  of  needle,  and  with  the  nearest 
end  fourteen  inches  from  the  compass  pivot:  it  was 
not  moved  during  the  experiment.  The  vessel  was  up- 
right and  swung  through  the  N.E.  quadrant,  resting  two 
minutes  on  each  point. 

Each  compass  was  successively  placed  in  the  Y's  and 
the  observations  made  with  it  as  indicated  by  the  headings 
of  the  colvmins  of  Table  39;  the  resulting  deviations  of 
the  respective  compasses,  are  given  in  cols.  (4),  (7),  and 
(10),  and  illustrated  by  the  curves  of  Fig.  405. 

Experiment  2.  Steel  magnet:  This  was  a  powerful 
bar,  twenty  inches  long,  of  square  cross-section,  one  inch 
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a  side.     It  was  placed  as  in  Fig.  406 — axis  horizontal,  in 
vertical  section  through  keel,  and  m,  plane  of  needles,  with 
its  nearest  (south)  pole  distant  thirty-nine  inches  from 
(«vnt  of  compass:    it  was  not  moved  during  the  experi- 
ment.    The  vessel  was  upright  and  swung  through  the 
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.V.£.  quadrant,  resting  two  minutes  on  each  point.  Each 
compass  was  successively  placed  in  the  Y's  and  the  obser- 
vations made  as  indicated  by  the  headings  of  the:  columns 


Fig.  405. 

of  Table  40;    the  resulting   deviations  given  in  cols,   (4), 
(7),  and  (10}  are  illustrated  by  the  curves  of  Fig.  407. 

By  observing  Plate  P,  it  will  be  seen  that  the  three  types 
of  compass  were  as  dissimilar  as  well  could  be:  one  had 
a    single    short    needle  of  extremely  low  magnet  power, 
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Table  39. 

SOFT-IRON  TUBE. 
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lental  and  observationat  errors,  and  the  variable 
f  the  distant  pole  of  the  tube  and  magnet  on  the 
s  on  different  headings  of  the  vessel,  the  deviations 


I  1 


of  the  three  compasses,  as  shown  in  Tables  39  and  40,  are 
nearly  enough  alike  to  warrant  the  conclusion  that  ai  the 
distances  employed  for  the  disturbing  forces,  the  type  of  com- 
pass does  not  affect  the  resulting  deviations ;  but  if  these 
distances  had  been  much  less — or  the  single  needle  had 
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the  length  of  the  two-needle  system— or  the  needles  \ 
this  and  the  four-needle  card  had  been  arranged  on  chorda 
other  than  those  proven  to  be  the  best,  it  is  safe  to  say  t 
the  deviations  would  not  be  so  accordant. 
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Section  Two:  Inspection  of  the  Compass. 


235.  What    the    inspection   determines. — The    needles, 

card,  pivot,   and  sapphire-cap   having  been  examined 
Washington  in  the  manner  stated  in  the  foregoing  cliapter, 
they  are  returned  to  the  maker  in  Boston,  where  they 
put  in  the  compass,  and  the  instrument  completed.     \Vh< 
a  lot  of  compasses  are  ready,  the  Superintendent  of  Com- 
passes proceeds  to  Boston,  and  there,  in  the  observatory 
of  Messrs,   Ritchie,  the  final  inspection  takes  place.     By 
this,  the  following  points  are  determined ;    ist,  coincidence 
of  the  magnetic  axis  with  the  A'.S.-line  of  the  card;    2d,  \ 
sensibility,  or  exact  return  of  the  needles  to  the  meridian,  J 
when  slightly  deflected;   3d,  relative  strength  of  the  mag-f 
netic  system;  and  4th,  centering  of  the  card  on  the  pivotal 
The  following  minor  points  are  also  matters  of  examina-r 
tion:    that  the  face  of  the  bowl  is  horizontal — determinedB 
by  placing  a  small  spirit-level  in  different  diameters;   that! 
the  bowl  moves  freely  on  the  gimbals;   that. the  keel-lines« 
and  their  continuation  as  scores  on  the  rim  of  the  bowlj 
are  well  defined;    that  the  card  and  compass-box  havel 
the  same  number;  that  the  marking  of  the  points  is  correct  j| 
and   that   the  general  appearance   of  the   instrument 
acceptable. 

236.  Instruments  used  for  the  inspection. — Certaial 
apparatus,  which  will  now  be  described,  are  required  foti 
making  the  inspection. 
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prisms  which  reflect  the  magnetic  axis,  or  line  of  the  mag- 
netic meridian,  into  the  telescope  of  the  theodolite.  Fig. 
415  is  from  a  photograph  of  the  compass-stand  complete: 
by  means  of  a  screw  at  the  right,  the  heax-y  brass  block 
forming  the  immediate  support  for  the  compass  is  mova- 
ble east  and  west  on  solid  rails  of  brass;  the  prisms  AA 
are  contained  in  the  rectangular  box  above  the  compass, 
and  several  screws  are  at  the  side  for  adjusting  the  prisms 
to  correct  reflection  of  the  magnetic  axis.  Fig.  413  is  a 
brass  ring  with  four  strong  magnets  attached :  when  placed 
on  a  compass  and  turned  round  like  an  azimuth  circle  it 
controls  the  direction  of  the  card  completely;  the  needles 
may  be  made  to  point  with  the  Xorth  toward  the  South, 
or  the  East,  or  the  West,  or  in  any  other  direction.  Finally, 
two  magnets — a  compass-needle  and  a  single  wire — are  re- 
quired for  deflecting  the  card,  several  degrees  or  a  few 
minutes,  as  desired ;  and  a  chronometer  or  stop-watch  (as  is 
usually  employed)  is  needed  to  note  the  periods  of  oscillation. 

237.  Coincidence  of  the  magnetic  axis  with  the  H^.. 
line  of  the  card. — The  points  are  so  painted  on  the  card 
that  the  line  through  North  and  South  forms  the  o°-diam- 
eter  of  the  degree-graduation ;  and  it  is  essential  that  the  axis 
of  the  magnetic  system  should  coincide  with  this  diameter. 
The  adjustment  is  made  before  sealing  the  compass,  and  the 
daspection  by  the  Superintendent  is  to  verify  its  accuracy. 

To  effect  coincidence,  the  maker  places  the  card  on 
its  pivot,  the  bowl  being  filled  with  liquid;  he  then  views 
the  zero-diameter  (0°)  through  the  theodolite,  ajid  if  he 
finds  it  separated  from  the  middle  vertical  hair  (which 
indicates  the  magnetic  meridian,  as  will  be  presently 
seen),  he  moves  one  end  of  a  needle  until  coincidence  is 
attained.  The  needles  had  previously  been  firmly  sealed 
in  their  tubes — all  except  one  end  of  a  long  one;  small 
lateral  screws  press  on  this,  so  that  it  has  a  slight  side-way 


motion;  but  so  accurately  are  the  needles  placed  at  first 
that  it  is  only  in  a  few  instances  that  the  maker  has  to 
resort  to  a  turn  of  the  screws  to  ensiu-e  perfect  coincidence 
of  the  magnetic  axis  of  the  system  with  the  zero-diameter 
(o°)  of  the  card. 

The  Earth's  magnetic  field  is  most  nearly  quiet  during 
the  forenoon ;  if,  then,  on  a  still  day  (magnetically  speak- 
ing) the  theodolite  E  of  Plate  Q  be  pointed  to  the  Varia- 
tion-magnet M,  Fig.  408,  the  latter  will  be  observed  mak- 
ing very  regular  oscillations  of  small  amplitude;  a  mean 
position  is  readily  determined — it  is  the  magnetic  merid- 
ian, upon  which  the  central  vertical  wire  of  the  telescope 
is  set,  and  the  horizontal  circle  read. 

If.  now,  the  telescope  be  turned  180°  in  azimuth,  it 
flp-ill  joint  to  the  compass-stand,  and  the  central  wire 
indicates  the  magnetic  meridian  in  that  direction;  a  com- 
pass being  placed  on  the  stand,  is  to  be  moved  east  or  west 
by  the  large  screw  on  the  right,  until  its  North-and-South 
line  is  exactly  upon  the  wire,  or  imtil  it  cannot  be  made 
to  take  that  direction:  in  the  former  case,  the  magnetic- 
axis  and  zero-diameter  coincide — in  the  latter,  they  do 
not,  and  the  movable  needle  nrmst  be  suitably  moved  to 
effect  it. 

Instead  of  determining  the  meridian  in  this  way,  it 
can  be  done  by  placing  the  Variation-compass  C  (Figs.  411 
and  412)  on  the  stand.  Fig.  410 ;  the  axis  HH  of  its  needle 
lies  in  the  meridian,  and  is  reflected  by  the  prisms  .-1.4  into 
the  telescope  which  is  moved  until  exact  coincidence  with 
the  vertical  wire  is  effected — this  wire  is  then  the  magnetic 
meridian:  removing  the  variation-compass  and  placing 
any  other  in  its  stead,  its  magnetic  axis  will  be  indicated 
by  the  vertical  wire  cutting  the  central  diameter  of  the 

card :  if  the  wire  coincides  with  the  Af  ,5.-Iine  throughout, 
the  requirement  is  fulfilled,   otherwise  not.     This  is  the 
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most  expeditious  method,  and  is  the  one  usually  practiced. 
After  each  compass  is  tested,  the  variation-compass  is  put 
on  the  stand,  and  the  position  of  the  vertical  wire  aligned 
anew  with  the  magnetic  meridian. 

The  compasses  are  handled  with  great  care  to  avoid 
motion  of  the  liquid  and  card,  and  even  then  some  minutes 
must  elapse  to  ensure  quiet,  before  making  the  obser\'ation. 

238.  Sensibility  of  the  compaBS. — While  the  card  is  at 
perfect  rest,  a  single  wire  is  brought  toward  it  from  one 
side  and  an  easterly  deflection  of  15'  to  30'  is  produced; 
the  wire  is  quickly  withdrawn;  the  movement  of  the  card 
is  watched  through  the  telescope;  the  magnetic  axis  returns 
to  the  vertical  wire — passes  beyond — returns— and  rests 
on  the  wire :  a  deflection  of  1 5'  to  30'  toward  the  west  is 
next  produced,  with  a  similar  result,  and  thus  the  compass 
is  found  to  have  fine  sensibility.  It  is  a  slight  force  that 
will  cause  a  deflection  of  15'  to  30',  and  this  small  arc 
affords  ample  opportunity  for  friction  to  do  its  utmost 
in  preventing  return  of  the  card  to  its  original  position. 
The  test  is  a  severe  one,  but  I  have  never  known  a  com- 
pass of  the  many  inspected  to  fail  in  it. 

339.  The  period  of  oscillatioo  of  the  card  aa  index  of 
the  strength  of  its  needles.— The  jseriud  of  oscillation  is 
the  time  elapsed  between  two  successive  transits  of  the  0°- 
diameter  of  the  card  in  -opposite  directions  across  the  keel- 
line;  it  depends  on  many  things:  ist,  friction  between 
cap  and  pivot;  2d,  mobility  of  the  liquid --whether  it  be 
more  or  less  viscous;  3d.  total  weight  of  the  oscillating 
mass;  4th,  the  distribution  of  this  with  respect  to  a  center 
— its  moment  of  inertia;  5th,  currents  induced  in  the 
copper  bowl  by  the  swinging  needles,  and  which  react 
upon  them^-curbing  their  motion;  6th,  temperature  of  the 
liquid  and  needles;  7th,  magnetism  of  the  needles;  and  8th, 
the  Earth's  horizontal  intensity  at  the  place  of  observation. 
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These  may  all  vary;  they  may  conspire  toward  an 
increase  or  a  decrease  of  the  period,  or  the  effect  of  some 
may  neutralize  that  of  others.  In  any  case,  it  is  a  matter 
of  easy  inference  which  way  a  change  will  affect  the  period. 

By  care  and  skill,  the  fluctuation  of  some  of  these  con- 
ditions can  be  reduced  to  such  narrow  limits  that  usually, 
and  with  reason,  they  are  lost  sight  of  as  variables:  this 
is  the  case  with  all  but  the  6th  and  7th;  and  thus  the 
period  of  oscillation  at  a  standard  temperature  becomes 
an  index  of  the  strength  of  the  needles. 
Table  41. 
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Table  41  is  the  record  of  133  compasses  inspected  at 
various  times  during  a  period  of  four  years:  a  different 
number  was  examined  each  time,  as  shown  by  col.  (1), 
and  only  mean  values  of  each  lot  are  given  on  the  horizontal 
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lines.  The  needles  in  these  compasses  were  the  same  as 
those  used  for  all  our  compasses,  namely,  5.28  and  ^  4 
inches  long  respectively ;  diameter  of  each,  0.25  inch ; 
diameter  of  the  individual  wires,  0.06  inch. 

The  deflections  of  col.  (3)  were  produced  at  a  distance 
of  14,2  inches  between  centers  of  deflecting  and  deflected 
needles;  those  of  col.  (5)  at  a  distance  of  15.7  inches; 
and  those  of  col.  (9}  at  a  distance  of  14.9  inches  from  the 
center  of  the  card  to  the  center  of  the  deflected  needle, 
the  needles  being  in  their  tubes  on  the  card. 

It  will  be  perceived  by  cols,  (a)  and  (4)  how  closely 
the  weights  of  the  needles  run,  and  hence  by-  col.  (6)  how 
nearly  alike  are  the  quantities  of  magnetic  steel  in  com- 
passes of  different  lots ;  also  how  little  the  card  alone  differs 
from  one  group  to  another,  and — as  a  final  result  -  how 
nearly  identical  is  the  oscillating  mass  throughout :  since 
it  is  distributed  with  the  same  symmetr>'  in  all  cases,  this 
means  that  both  the  weigbt  and  its  moment  of  inertia 
are  within  such  restricted  limits  of  variability  as  to  warrant 
calling  them  the  same  in  all  compasses.  The  cap  and 
pivot  are  identical  in  all,  and  hence  friction  may  be  said 
to  be  constant.  The  liquid  is  the  same  and  so  is  its  mobility 
at  a  given  heat.  Induced  currents  are  explained  on  page 
471  et  seq. ;  the  kind  of  metal  surrounding  a  swinging  mag- 
net, its  thickness,  proximity  to  the  magnet,  and  the  strength 
and  rapidity  of  motion  of  this— are  all  factors  of  the  inten- 
sity of  induced  currents :  except  strength  of  needles,  these 
factors  are  the  same  for  all  compasses,  and  as  the  current 
is  proportional  to  needle  strength  and  motion,  the  whole 
factor  may  thus  be  said  to  be  constant. 

Regarding  the  effect  of  heat,  the  following  results  of 
some  crude  experiments  with  the  same  compass  will 
afford  an  idea: 

Temperature,  F 60°      70°       85° 

Oscillations,  seconds 16. 5     15. 5     15.0 
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The  ordinary  changes  of  temperature  that  a  compass  ex- 
periences, affect  the  magnetism  of  its  needles  but  little: 
it  is  quite  probable  that  it  is  the  liquid  that  is  sensitive  to 
heat  and  cold — becoming  more  or  less  mobile,  and  thereby 
influencing  the  period  of  oscillation. 

Of  all  the  quantities  upon  which  the  period  of  oscilla- 
tion depends,  we  have  thus  practically  eliminated  as  con- 
stants, all  except  the  magnetism  of  the  needles  themselves, 
that  of  the  Earth,  and  Temperature. 

The  mean  of  the  periods  of  the  133  compasses  of  Table 
39  is  16.9  seconds,  and  this  may  be  taken  as  a  fair  average: 
if,  in  any  compass,  it  should  be  found  many  seconds  greater 
than  this,  it  is  an  indication  of  the  magnetism  of  the  needles 
having  become  weak  and  the  compass  unreliable.  Of 
com-se  this  supposes  the  test  made  where  the  Earth's  hori- 
zontal magnetic  intensity  has  the  same  value  as  at  Wash- 
ington :  if  made  where  less,  as  in  high  magnetic  latitudes, 
the  period  will  increase  without  any  necessary  diminution 
of  the  needles'  strength;  while,  if  made  where  greater,  as 
in  low  magnetic  latitudes,  the  period  will  decrease  without 
any   consequent   augmentation    of  the  needles'   strength. 

Table  42. 
the  m.a.r,\'etic  elements  at  washington.  d.  c. 


Pnn*  in  C.G.S  Units    Yearly  Mtsn., 
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Table  42  gives  the  magnetic  elements  at  Washington :  they 
are  from   the  continuous  records  of  the  magnetographs 
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described  in  Vol.  I,  when  in  the  observatory  on  the  old  site 
in  the  city  of  Washington. 

After  the  sensibility  has  been  determined,  and  while 
the  o®-mark  of  the  card  and  vertical  wire  of  the  telescope 
are  in  one,  a  magnet  is  brought  toward  the  compass  from 
the  side  imd  the  card  deflected  about  ii°  to  the  East;  the 
inapiet  is  quickly  removed,  and,  as  the  card  swings  back, 
the  transit  of  its  o®-mark  across  the  vertical  wire  and  keel- 
line  (still  in  one)  is  noted  by  stop-watch;  the  card  con- 
tit\ues  on.  completing  its  amplitude  to  the  west  and  then 
t\un\s  back;  the  second  transit  of  the  o°-mark  across  the 
Nviiv  Xo  the  east  is  noted,  and  the  elapsed  time  between 
W\\\  transits  is  the  period  of  oscillation. 

This  pnxxHiure  is  repeated,  beginning  with  a  deflection 
t\^  the  wvst.  and  as  many  such  observations  are  mad^  as 

will  K^^'^'  *^  K^^^^  mean. 

The  ten>jxTature  of  the  air  in  the  room  is  observed,  and 
i:^  ajistvnuHl  to  Ix^  that  of  the  liquid  and  needles,  as  the  com- 
i\^sN\\^  slunUd  have  l>een  in  the  room  some  hours. 

J^o.  centering  the  card  on  the  pivot. — The  compass 

tv«^>i  v'^^  the  standi  Fig.  410,  the  magnet-ring.  Fig.  413, 

k\  ^^1n^\^sI  v^n  it  sv^  that  the  A'-point  of  the  card  is  held  in  the 

^^K^u^l  vUixvtivni  of  the  Earth*s  magnetic  north,  though 

iK'^if    u\\vv<uily   anncident    with   the   meridian;    opposite 

l^4»Vx  v^t  the  >:ravhiation  are  reflected  into  the  telescope  by 

vV  ^"^  **^*^^^^  ^  ^ »  t'^^'  degree  marks  coincident  with  the  mid- 

siiv  vv»>v  ^^^^'  t\vni\5.  and  it  the  ovntering  is  accurate  with 

vHVv^  U^  t^is  vlu:r,eur.  these  ivadings  will  differ  by  180°. 

r*vcA^  ^^'  itisV^inetring  is  lunxxi  until  the  5-point  of  the 

^;vi   \  V\l  .;vv.v;'>:  the  :r..ig:^.e:io  ::.^r:h,  and  the  marks  on 

iV  ^\^VNx<*  >>^^v  a!V  agair.  :.v  :cv:  ar.vi  nxx^rvied:  the  obser- 

v^%s.N\*  ^v  iv^^^^^^'^•  ^^  *' ■•  '■•^'  ^'^'^^'^   '•' '*  ^"^'"  ^^'^  west^  point, 

V^^v  v.V  Uv^iVV..   .«.'-'.    :  ••*  »\  'v  v*..:.e  \\~i:h  the  intercar- 

^N^lAx  Ui\v.x\l  v.\  :'\;:  vl-xv::.:. :    ::\  :r.  any  four  of 

^vlv<^*^v;v:>^  a:  v*^.:*::  anc.v>  .  :rc  :\w  marks  oi 
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the  graduation  seen  on  the  vertical  wire  of  the  telescope 
differ  by  180°,  the  card  is  accurately  centered. 

This  adjustment  is  made  before  sealing  the  compass, 
and  while  the  card  is  still  accessible  to  rectify  any  defects. 
There  are  four  small  screws  set  at  right  angles  to  each  other 
in  tlie  side  of  the  spindle.  Fig.  386.  that  carries  the  sap- 
phire cap,  and  by  a  suitable  tentative  motion  of  these — 
observing  the  effect  through  the  telescope — the  card  may 
be,  and  is,  exactly  centered. 

This  completes  the  inspection  of  the  compass.  A  rec- 
ord of  the  procedure  both  as  regards  the  individual  parts 
and  the  finished  instrument  is  kept  in  the  Office  of  Super- 
intendent of  Compasses. 

341.  The  azimuth  circle.— A  few  words  will  suffice  for 
this  inseparable  adjunct  of  the  compass:  every  officer  who 
uses  it.  knows  the  principles  of  its  construction ;  it  is  made 
by  Messrs.  Ritchie — the  material  is  brass,  painted  black — 
and  it  is  inspected  by  the  Superintendent  of  Compasses. 
The  chief  requisites  are;  solidity;  firm  attachment  of  the 
parts;  clearness  of  the  silvered  surfaces;  vanes  perpen- 
dicular to  the  plane  of  the  ring;  central  hair  vertical;  to 
set  level  on  the  bowl,  fit  closely  and  concentrically,  and 
turn  smoothly  and  easily. 


Section  Three  :  Magnetic  Moment  of  the  Compass. 

243.  Data  relative  to  the  needles.— For  the  purpose  of 

determining  the  magnetic  moment  of  needles  singly,  and 
combined  on  a  card,  the  following  experiments  were  made 
in  Washington  in  1898.  The  needles  were  selected  from  a 
large  number  then  under  trial  for  new  compasses,  and  would 
be  representative  of  those  in  general  use ;  each  was  encased  in 
a  paper  wrapper  weighing  0.65  gram,  and,  for  convenience 
of  reference,  they  were  marked  -4,  E,  C,  D,  respectively. 


68o 


MANUFACTURE  OF  THE   COMPASS. 


Table  44. 

WASHINGTON,   JUNE  14,  lg98. 


DcsiR. 

Passat 

Needle  Alone. 

Needle  with  Braas  Bar  Attached. 

nation 

of  Needle 

T 

Period 

Reduced 

to  Small 

Period 
Reduce  1 
to  Small 

of 
Nee- 

Across 
Meridian 

Times 

Differ- 

Times 

Differ- 

dle. 

Line. 

Recorded. 

ences. 

Recorded. 

ences. 

Arc. 

Arc. 

(I) 

(a) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

h.     m.      s. 

s. 

h.     m.      8. 

m.     %. 

I  St 

4        S      30 . 5 

4«.S 

4     26     16. s 

I     4-5 

loth 

6      28.0 

48.0 

sec. 

27      21.0 

I     4.5 

sec. 

A 

2oth 

7      16.0 

48.  S 

4.836 

28     25.5 

I     4.5 

6.45s 

30th 

8     04.  S 

48.5 

20     30.0 

X     4.5 

40th 

8      S3.0 

48. s 

30    34. S 

I     S-o 

Soth 

9      41S 

31     39. S 

I  St 

5      ii     08.0 

47.  s 

S      44      50.0 

I     3.0 

loth 

33      S5S 

470 

SCO. 

45      S3.0 

I      30 

sec. 

B 

aoth 

34      42. S 

47.0 

4.726 

46      56.0 

X      3-0 

6.»g3 

30th 

IS      30. 5 

47.  s 

47      59. 0 

I     3-0 

40th 

36      18.0 

47.  s 

49      02.0 

I      3.0 

soth 

37      os.S 

50      05.0 

I  St 

S        9      02.0 

42.  s 

s    21    48.5 

z     6.0 

10th 

9      44-5 

430 

sec. 

22      54. 5 

z     6.0 

sec 

C 

aoth 

10      27. s 

42. s 

4.266 

24        o.s 

X      5.5 

6.584 

30th 

II       10. 0 

43  0 

25        6.0 

z     6.0 

40th 

II       S3.0 

42. s 

26      12.0 

z     6.0 

soth 

12      35 -5 

27      18.0 

■ 

I  St 

4      39      10. 0 

42.0 

4      55      27.5 

I     04.0 

loth 

39      S  2 .  0 

42.0 

sec. 

56      31.5 

I     04.5 

sec. 

D 

20th 

40      34.0 

42.0 

4.207 

57      36.0 

I     04.0 

6.405 

30th 

41       16.0 

42.0 

58      40.0 

I     04.0 

40th 

41       58.0 

42. s 

59      440 

z     04.0 

i;oth 

4     42     40.. •; 

5      00      48 . 0 

the  card  and  tested  singly  in  the  same  way  as  on  June  13th 
(Table  43),  with  the  results  given  in  Table  45. 

Table  45. 

WASHINGTON.  SEPT.  29,   1898. 


Designation  of  Needle. 


A  (long) 
A  " 
B  " 
B  " 
C  (short) 
C  ' 
D  " 
D      " 


Deflections. 

Distance  from 

Center 

to  Center  of 

Deflecttn/; 

N-end 

S-cnd 

N-end 

S-end 

and  Deflected 

acting. 

acting. 

acting. 

acting. 

Needle. 

5°      0' 

5»     0' 

47 .  29  cms. 

9°      0' 

9°     0' 

39  70     " 

5       0 

5     30 

47 . 29     " 

9     30 

9     30 

39 .  70     " 

5       0 

5       0 

43.68     " 

9       0 

9       0 

36.00     •' 

5      15 

5     15 

« 

43.68     " 

9     15 

9     15 

36.00     " 
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243.  Moment  of  inertia  of  the  brass  bar. — The  bar  being 

a  regular  parallelopipedon,  of  square  cross-section,  with 
the  axis  of  rotation  through  its  center  of  gravity  perpen- 
dicular to  the  length,  its  moment  of  inertia  was  calculated 
by  formula  (54),  Art.  230,  that  is, 


K" 


-M'  - 


a'  +  h'\ 


(184) 


in  which  K"  is  the  moment  of  inertia  of  the  bar;  M'  its 
mass,  34.55  grams;  a  its  length,  10.3  centimeters;  and  b 
its  w^idth,  0.65  cm.:  substituting  these  values  in  {184), 
it  becomes 

A'---(34.55)[''°'"',t'°''">3°°.;64.       (.85) 

244.  Moment  of  inertia  of  the  needles,  singly, — The 

needles  being  neither  tubular  nor  solid — yet  cylindrical  in 
form  with  cross-section  full  of  small  holes— that  of  a  cable 
— the  formula  suitable  to  tube  or  rod  was  not  deemed 
strictly  applicable  to  calculating  their  moments  of  inertia; 
although  the  formula  for  a  solid  cylinder  would  give  an 
approximate  result:  in  this  doubt,  recourse  was  had  to 
the  method  of  oscillating  the  needle,  first  alone,  and  then 
with  the  brass  bar  attached ;  the  latter  being  a  regular 
body,  its  moment  of  inertia  was  calculated  as  in  Art.  243, 
and  then  that  of  the  needle  determined  by  formula  (75), 
Art.  230,  that  is, 

V      \ 


K'=K" 


C186) 


in  which  K'  is  the  moment  of  inertia  of  the  needle;  K" 
that  of  the  brass  bar;  T"  the  square  of  the  period  of  oscil- 
lation of  the  needle  alone;  and  T"^  that  of  the  needle  with 
the  brass  bar  attached, 

Substituting    successively    in    the    above   formula   the 
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value  of  K"  from  (185)  and  those  of  V^  and  T"^  from 
Table  44,  we  have  for  each  needle  the  following: 
For  needle  A , 

ic-. =(3oo.764)[(,^^^yj^];3,) j =384.8.  (187) 

and  similarly, 

For  needle  B,  iC'^  =388.4.    .     .     .     (188) 

For  needle  C,  iCV  =217.7.    •     •     •     (189) 

For  needle  Z),  /C'z?  =  224.7.    •     •     •     (190) 

245.  Magnetic  moment  of  the  needles. — The  magnetic 
moment  was  calculated  by  formula  (76),  Art.  230,  that  is, 

M.//  =  -p-2-; (191) 

in  which  M  is  the  magnetic  moment  of  the  needle ;  AT'  its 
moment  of  inertia;  P  its  period  of  oscillation  alone;  H 
the  horizontal  component  of  the  Earth's  magnetic  force 
at  the  place  of  observ^ation ;  and  7:  =  3.1416.  Substituting 
in  (191)  the  proper  data  from  Table  44  and  eq.  (187), 
we  have :  For  needle  A : 

M.H=        ^;-835y2-  — .     .    .    .     (192) 

Hence 

M.H  =  162.4 (193) 

For  calculating  the  ratio,  we  have  formula  (46).  page  424, 
that  is: 

77  =  2-^    ^'^^  ^ (194) 

In  this,  M  and  H  have  the  same  meaning  as  in  eq.  (191); 
X  is  the  distance  from  the  center  of  the  deflecting  needle 
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to -the  center  of  the  deflect^rf  one;  and  0  the  angle  of  de- 
flection. As  given  in  Table  43,  each  needle  was  used  to 
produce  deflections  at  two  different  distances:  substitut- 
ing these  distances  and  the  corresponding  deflections  suc- 
cessively in  (194),  we  have:   For  needle  A\ 

M 

-^=!i(47-29)'(tan5°4S0}    •     .     .     (195) 

Hence,  for  the  first  distance 

77  =  5326 (196) 

And  for  the  second  distance 

M 

^  =Si(39-7o)'(tan9°3oO}.    .     .     .     (197) 

Hence,  for  the  second  distance 

M 


H 


=  5236 (198) 


To  obtain  the  value  of  ^1/,  eq.   (193)  must  be  multiplied 
by  eqs.  (196)  and  (198)  in  succession,  that  is 

(M  //)(^^)=AP  =  (i62.4)(5326).  .     .     (199) 

Hence,  for  tieedlc  .4,  for  first  distance, 

M  =  929.8.    ......     (200) 

And  also, 

(M.H)(^^^=XP  =  (162,4)  (5236).  •'  .     (201) 

Hence,  for  second  distance 

A/=  922.0 (202) 
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As  bearing  upon  what  follows,  pages  294,  295,  382, 
384,  422,  and  425  shotdd  be  constilted.  From  equation 
(2),  page  416,  we  have 

w=^; (203) 

in  which  M  has  the  same  meaning  throughout;  that  is, 
the  magnetic  moment  of  the  needle;  2I  its  exact  length; 
and  m  its  pole-strength,  or  resultant  magnetic  force  for 
one  half  the  needle :  the  point  of  application  of  this  result- 
ant is  not  at  the  very  extremity  of  the  needle,  but  a  little 
inside  it;  therefore,  to  divide  the  magnetic  moment  by 
the  exact  length,  as  indicated  by  (203),  will  give  a  pole- 
strength  m  a  trifle  less  than  is  actually  the  case. 

The  length  (2/)  of  needle  A  is  13.3  cms.  and  the  two 
values  of  yi  are  given  by  equations  (200)  and  (202) ;  sub- 
stituting these  successively  in  eq.  (203),  we  have: 
For  needle  .4 : 

9298  922.0 

'"="~tTT=^9-9;     and     m  =  — —  =  69.3.        (204) 

To  get  the  value  of  //,  we  have  from  eqs.  (193),  (196), 
and  (iq8\  by  dividing  the  first  by  the  second  and  the 
third  successively, 

,,-=//'=        ^;  hence  //=  0.1746.         (205) 


^      V  ' 


And 


O 


,,,     =ii*=  :  hence  /f  =0.1701 

V::  ' 


(206) 


Thus  !rv^:r.  cxix^rlrr.ents  of  osoillativ^n  and  denection  with 
i\eK\iV  -U  :*:-e  i^rwwiir.i:  va'uos  of  .V\  f»:.  ;u;vi  H  were  ob- 
Viux\!:     *i:.ol   by   s:r.::«ir   oxix^rirr.er.ts   ai    iho  same  time 
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and  place  with  needles  S,  C,  and  D,  and  like  calculations 
thereon,  other  values  of  M,  m,  and  H  for  these  needles 
also  were  obtained:  they  are  all  given  in  Table  46. 

Table  46. 
ALL  VALUES   ARE  IN  C.G.S.    UNITS.                                              | 

M 

m 

H 

K' 

(1) 

(>) 

(j} 

(4) 

(o 

929.8 

699 

0..746 
0.1761 

0.1786 

0.1777 

i    3S4.S 

1 38S.4 

B(long) j 

95' 

955 

° 

7' 

939 

6 

70 

6 

3».6 

703 
674 

708 

9 
9 

60 

63 

8 
9 

0.1678 
0.1751    ■ 

0,1767 
0.1768 

1       ^=4.7 

698,9 

6J.0 

0-1754 

"■■■ 

246.  Meaning  of  the  quantities  in  Table  46 Taking 

the  averages  in  the  several  columns  of  Table  46,  we  find 
for  needles  A  and  B  together,  that  M  =  939.6;    m  =  70.6; 
and  AT'  =386.6 — as  representatives  of  the  magnetic  moment, 
pole-strength,  and  moment  of  inertia,  respectively,  of  the 
long  needles:    and  similarly,  for  C  and  D  tof^ether.  that 
A/ =  698.9;  w[  =  63;  and  A''- 221.2  for  the  5/ior/ needles. 
The  mean  of  col.  (4)  is  0.1754;  and  this  was  the  value 

1     of  //  on  the  day  of  observation  at  the  place  where  the 
experiments  were  conducted,  that  is,   on  the  Scoresby. 
in  Room  No.  80  of  the  Navy  Department. 

;          The  only  correction  applied  to  the  observed  quantities 
was  for  reduction  to  small  arc.     The  watch  was  an  excel- 
lent one,   so  that  the  rate-correction    (if  any)  would  be 
small;   the  suspension  fiber  was  of  fine  silk,  and  thus  the 

1     torsion  couple  was  insignificant;    the  hard  temper  of  the 

■ 

^^^^^^^^^H 

^H 

^^^1 
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needles  probably  made  the  induction  factor  negligible: 
and  from  these  considerations,  the  omitted  corrections 
could  affect  the  values  of  Table  46  by  only  small  amounts. 

To  interpret  physically  the  results  of  Table  46:  if  one 
gram  of  steel  could  be  imbued  with  south  magnetism  alone — 
that  is,  a  pole  created  separate  and  apart  from  its  congener 
—and  were  free  to  move  along  the  magnetic  meridian,  it 
would  experience  in  the  Compass  Office  at  Washington 
an  increase  of  its  velocity — an  acceleration— of  0.1754  cen- 
timeter per  second  in  its  attraction  toward  the  north 
magnetic  pole  of  the  Earth ;  just  as  the  same  mass,  if  let 
fall  from  the  top  of  the  Washington  Monument,  would 
experience  an  acceleration  of  980  centimeters  per  second 
in  its  descent  to  Earth  under  the  force  of  gravity. 

Now,  a  center  of  magnetic  force  is  of  the  same  nature 
whether  it  be  that  of  the  Earth  or  of  a  compass-needle — ■ 
it  is  merely  large  and  of  widespread  influence  in  the  one, 
and  small  and  concentrated  in  the  other:  in  both  cases. 
a  magnetic  particle  imbued  with  one  kind  of  polarity  {could 
such  exist)  would  experience  a  pull — an  acceleration,  if 
in  motion,  proportional  to  the  intensity  of  the  force  and 
to  the  inverse  square  of  the  distance  of  the  particle  from 
its  focus:  therefore,  by  analogy,  if  a  single  pole  of  the 
mass  of  one  gram  should  experience  at  the  distance  of 
the  city  of  Washington  from  the  Earth's  magnetic  north- 
pole  an  acceleration  of  0,1754  centimeter  per  second;  so 
this  same  magnetic  gram — not  at  any  distance  from  the 
north-pole  of  the  needle  A,  but  in  actual  contact  with 
it — would  feel  a  force  of  attraction  such  as  would  impart 
to  it,  if  in  motion,  an  acceleration  of  G9.9  centimeters 
per  second. 

The  mean  value  of  the  pole-strength  for  both  long 
needles  is  70.6,  and  for  both  short  needles,  63;  and  the 
meaning  of  these  figures  is,  that  such  are  the  accelerations 
respectively,  in  centimeters  per  second,  that  the  poles  of 
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these  needles  would  cause  in  a  gram  of  steel  imbued  with 
one  kind  of  magnetism,  if  in  motion  in  the  immediate 
vicinity  of  their  foci. 

Both  magnetism  and  gravity  are  central  forces,  that 
is,  their  powers  are  exerted  toward  a  point — ^the  center 
of  a  field  of  influence:  comparing  the  force  of  magnetism 
in  each  size  of  needle  with  the  force  of  gravity  at  Wash- 

■  980  " 

0.064  for  the  short  needles;  or,  to  state  it  differently,  the 
force  of  gravity  is  about  fourteen  times  greater  than  the 
magnetic  force  of  each  pole  of  the  long  needles,  and  sixteen 
times  greater  than  that  of  the  short  needles. 

247.  Data  relative  to  the  needles  as  a  magnetic  system 
oa  the  card.— The  following  experiments  were  made  August 
30  and  31.  1898,  in  Washington,  to  determine  the  magnetic 
moment  of  the  needles  as  a  system.  The  same  four  needles 
were  used  throughout;  they  were  selected  from  a  lot  of 
two  hundred — were  among  the  best— and  would  fairly 
represent  such  as  are  accepted  for  compasses:  each  was 
in  a  paper  case,  and,  for  convenience  of  reference,  they 
were  marked  L,  M,  P,  Q,  respectively.  They  were  re- 
ceived from  the  maker  June  30,  1898;  were  laid  away 
parallel  to  each  other,  about  one  inch  apart,  like-polcs  in 
same  direction,  and  north-poles  towards  the  Earth's  mag- 
netic north,  until  July  28th;  then  they  were  measured 
and  weighed,  and  the  deflections  each  produced,  observed: 
these  data  are  given  in  Table  47. 

The  needles  were  then  placed  in  the  metal  tubes  of  the 
card,  just  as  in  the  finished  compass,  and  this  combination 
known  as  system  I,  remained  so  from  July  28th  until 
August  30th,  when  it  was  oscillated. 

For  this  purpose,  the  system  was  suspended  horizontally 
by  a  silken  fiber  attached  to  a  little  hook  fastened  with 
sealing-wax  to  the  central  screw  in  the  ellipsoid  of  the  card. 


manufacture  of  the  compass, 

Table  47. 
washington.  july  28.  1898. 


Lrnglh 

Weight 

Eiclusivc 
oC  Paper 

D,«.«™. 

Dislantc 

°"£sr 

.V*nd 

5^d 

to  Center  of 
Cdu. 

(1) 

(") 

(J) 

U) 

(i) 

(«) 

<7) 

L 

t 

I^a 

14!  t6 

!■)•       0' 

lo'     o- 

^6  .= 

J6.0 

The  magnetic  meridian  was  traced  on  paper  fastened  to 
a  table  close  below  the  swinging  card;  it  had  been  deter- 
mined by  means  of  a  single  magnetic  wire  (when  at  rest) 
suspended  by  a  fiber  of  silk. 

The  card  was  allowed  to  oscillate  until  it  acquired 
uniform  motion,  and  then  successive  passages  of  its  N- 
point  across  the  meridian  were  noted  by  a  stop-watch 
marking  quarter-seconds:  Table  48  contains  data  relative 
to  system  I  as  it  oscillated;  Fig.  417  illustrates  the  method 
of  noting  the  time  and  oscillations;  semi-amplitude  of 
latter  at  beginning  ia°,  at  ending  5°;  temperature  during 
period  29"  C, 

Table  48. 

a 

Total  mass  (card  and  needles)  oscillating  in  system  I.  . .  197. 9'4 
Total  mass  of  magnetic  steel  (wires  only)  osdllfttiag  in 

system  I . .  . 106 . 8  ~ 

Total   mass   of  inert  matter  (card,  and  paper  cases   of 

needles)  oscillating  in  system  I 91 . 1 

When  this  series  was  finished,  two  brass  inertia  bars 
were  added  to  system  I  and  it  became  known  as  system 
II — differing  from  system  I  only  by  the  addition  of  the 
two  bars. 
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System  II  was  now  oscillated  precisely  as  system  I 
had  been. 

The  inertia  bars  were  fastened  on  top  of  the  card  par- 
allel to  the  two  long  needles,  synmietrically,  one  on  each 


Mark! 
(Tim«  nottd) 


Tim«  nottd 


Fig.  417. 

side  of  the  axis  of  rotation,  which  was  through  the  center 
of  the  card:  semi-amplitude  of  oscillation  of  system  II 
at  beginning  14°;  at  ending  7°;  temperature  during  period 
29°  C.  Table  49  contains  particulars  of  the  oscillation 
of  systems  I  and  II. 

The  oscillations  were  made  August  30th,  and  the  de- 
flections the  next  day;  for  the  latter,  the  card,  with  the 
needles  still  in  the  metal  tubes  (as  in  the  oscillation  experi- 
ment) was  placed  successively  at  three  distances  from  the 
deflected  needle  and  the  deviations  observed:  they  are 
given  in  Table  50. 

The  needles  were  now  removed  from  the  card  and  the 
deflections  each  produced  by  itself,  observed:   the  results 
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Table  49. 


(Washington,  Aug.  30,  iSgS.) 


Passage  of 

N-point  of 

Card  Across 

Card  and  Needles  in  it. 
System  I. 

Card  with  Needles  in  it  and  Inertia 
Bars  on  Top.     System  II. 

Meridian. 

Times. 

Differences. 

Times. 

Differences. 

(i) 

(0 

(3) 

(4) 

(5) 

Mark! 
loth  transit 
20th       " 
30th       " 
40th       " 
50th       " 
60th       " 
70th       " 
80th       " 
90th       " 
looth       " 

loh  04™  25". 0 

05     53  .5 

07  21  .5 

08  50  .0 

10  18  .0 

11  46  .0 

13  14  .0 

14  42  .5 

16  10  .0 

17  39  .0 
10     19     06  .0 

I™  28". 5 

I    28  .0 
I    28  .5 
I    28  .0 
I    28  .0 
I    28  .0 
I    28  .0 
I    27  .5 

I     29  .0 

I     27  .0 

xoh  43m  32«.o 

45  37  .5 
47  42  .0 
49  46  .5 
51  51  .0 
53  56  .0 
56  00  .0 
58     04  .0 

II  00  08  .5 
02     13  .0 

II     04     17  .0 

2°»  5» 

2      4 
2     4 
2     4 
2     5 
2     4 
2      4 
2     4 
2      4 
2     4 

.5 

5 

5 

5 
0 

.0 

.0 

5 

5 
.0 

Period  of  oscillation,  reduced  to  small  arc : 

r'  =  8».8oi5. 

Period  of  oscillation  reduced, 
r"  =  i2».445i. 

Table  50. 


(Washington.  Aug.  31,  1898.) 


Needles  on  Card  as 
Systems  I  and  II. 

Distance  from 

Center  of 

Defiectr(f  Needle 

to  Center 

of  Card. 

Centimeters. 

N-end  acting. 

S-end  acting. 

50      0' 
9     30 
31     45 

5^     0' 
9     30 
31     45 

72.39 
58.42 
38.10 

are  given  in  Table  51;  comparing  it  with  Table  47,  ob- 
tained under  precisely  similar  circumstances  on  July  28th, 
it  will  be  seen  that  the  needles  lost  but  little  of  their  mag- 
netism. 


magnetic  moment  of  the  compass. 

Table  51. 

WASHINGTON.  AUG.  31,  1898. 
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Designation 
of  Needles. 

Deflections. 

Distance  from 
Center  to 
Center  of 
DeflecttM/; 

and  Deflected 
Needles. 

Centimeters. 

iV-cnd 
acting. 

S-end 
acting. 

L 

M 

P 

Q 

9^     </ 

8  30 

9  20 
9     40 

9«     c/ 

8  0 

9  40 
9     40 

36.0 
36.0 

39-7 
39.7 

248.  Moment  of  inertia  of  the  two  brass  bars. — ^The 
bars  were  placed  on  top  of  the  card  parallel  to  the  long 
needles,  as  EE,  Fig.  418:  they  were  identical  in  weight 
and  dimensions — each  17.78  centimeters  long;    of  square 


Fig.  418. 

cross-section,  0.65  cm.  a  side;  and  weighed  60.46  grams; 
c  is  the  axis  of  rotation — vertical  through  the  center  of 
gravity  of  the  oscillating  system;  /  and  h  are  the  centers 

of  the  bars,  each  distant  1.8  cms.  from  c,  so  that  fh  is 
3.6  cms. 

As  each  bar  oscillated  round  an  axis  c  parallel  to  one 
through  its  own  center  of  gravity,  formulas  (47)  and  (50), 
Art.  230,  are  applicable  to  the  case:  the  moment  of  inertia 
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{K")  of  each  bar  round  an  axis  through  its  own  center 
of  gravity  and  perpendicular  to  the  length  of  the  bar.  is 
given  by  formula  (54),  Art.  230;  that  is, 

K-  =  M'[^):      ....    (,07) 

in  which  M'  is  the  mass  of  the  bar,  a  the  length,  and  6  its 
width.  To  find  the  moment  of  inertia  (K"')  for  the  axis 
through  c  parallel  to  that  through  k  or  /,  we  must  add  to 

the  above,  M'  .ch^,  the  formula  thus  becoming 

K"'=M'(^^^di\        .     .     .     (-.08) 

Substituting  in  this  the  given  numerical  values  of  the  bar, 
we  have 

A--^(60.46)[""^';t'"^'''+(..8)-].     .      (.09) 

Hence 

K"'  =  i7go (210) 

As  there  are  two  identical  bars,  symmetrically  placed,  this 
result  must  be  doubled  to  get  the  total  moment  of  inertia 
(K")  of  the  two  bars  in  oscillation  in  system  II ;  hence 

A'"  =3580; (211) 

in  which  K"  is  the  total  moment  of  inertia  of  the  two  bars 
round  the  vertical  axis  through  the  center  of  figure  of  the 
system. 

249.  Moment  of  inertia  of  the  card  and  needles  com- 
bined.— This  system,  while  symmetrical,  is  not  of  the 
regular  form  that  admits  direct  calculation  of  its  moment 
of  inertia:  it  was  therefore  obtained  by  formula  {75)  of 
Art.  230,  that  is, 

K'-{K")(^J,'',h:  ....    (ji2) 
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in  which  K"  is  that  determined  by  eq.  (211) ;  V  the  period 
of  oscillation  of  the  card  with  the  f oiir  needles  in  the  tubes ; 
and  T"  the  period  of  the  card  and  needles  with  the  brass 
bars  added.  Substituting  in  (212)  the  numerical  values 
from  (211)  and  Table  49,  we  have 

r^/     /     o  xF  (8.8015)'  n 

Hence 

i^'=3S88.    ...'...     (214) 

That  is,  K'  is  the  moment  of  inertia  of  the  card  and  needles 
combined  as  in  the  finished  compass  in  Service, 

250.  Ifagnetic   moment  of  the  needles — as  a  system. 
— This  was  calculated  by  formtila  (76),  Art.  230,  that  is, 

MM^^^Y^ (215) 

Substituting  in  this  the  value  of  AT'  from  (214)  and  that 
of  r'  from  Table  49,  it  becomes 

j^  r.     (3-i4i6)'(3588) 

^'"^       (8.8015)' ^''^^ 

Hence 

M.//  =  457.2 (217) 

To  obtain  the  ratio  of  M  to  //,  formula  (194),  Art.  245, 
is  employed : 

^=J.^'.tan5 (218) 

Here,  x  is  the  distance  from  the  center  of  the  deflect^rf 
needle  to  the  center  of  the  deflecting  system,  and  0  the 
angle  of  deflection:  there  are  three  values  of  each,  given 
in  Table  50.     Substituting  corresponding  quantities  from 
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that  Table  sucx^essively  in  (218),  we  have  for  the  first  dis- 
tance and  angle 

M 

^  '*(i)(72.39)'(tan  5^  o')  -i66oo.o,        *     (219) 

For  the  second, 

M 

jj  -  (i)(58.42)*(tan  9^  30')  -  i668o,o.      .     (220) 

And  for  the  third, 

M 

^-(i)(38.io)*(tan  31^450-17110.0.    •     (221) 

To  obtain  M,  eq.   (217)  must  be  multiplied  successively 
by  eqs.  (219),  (220),  and  (221) ;  hence  for  the  first  value. 

(M.//)(^)=M»  =  (4S7.2)(i66oo.o).        .     (222) 

Hence 

M  =  2755.0 (223) 

For  the  second  value, 

{M.H)(^\  =AP  =  (457.2)(i668o.o),       .     (224) 

Hence 

M  =  2762.0 (225) 

For  the  third  value, 

(A/.//)^^j=AP  =  (457.2)(i7iio.o).        .     (226) 

Hence 

M  =  2765.0 (227) 
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To  get  H,  eq.  (217)  must  be  divided  successively  by 
(219),  (220),  and  (221): 
For  first  value 


M       " 
H 

For  second  value 


hence  H  =0.1660. 


"'-mMSTo'  ''""  "-°-"i56.    .     ("9)  - 
For  third  value 

Ifi^An^.  jience   //=o.i635.    .     (230) 

The  mean  value  of  //  is  0.16503  C.G.S.-units,  and  this 
represents  the  magnetic  field  in  that  part  of  the  Compass 
Office  in  which  the  experiments  were  made  August  30  and 
31,  1898.  The  mean  of  eqs.  (223),  {225),  and  (227)  is 
3760.7  C.G.S.-units — ^that  is,  the  value  of  M,  the  magnetic 
moment  of  the  four  needles  as  a  system  in  the  metal  tubes 
of  a  card :  it  is  representative  of  the  magnetic  moment  of 
every  7j-inch  compass  in  the  Service  to  the  extent  that 
the  four  needles  from  which  it  was  derived  are  fair  sam- 
ples of  those  finally  selected  for  compasses. 

On  account  of  the  omission  of  small  corrections  such  as 
those  enumerated,  in  connection  with  the  single  needles, 
the  results  are  appntxiinate. 

351.  Magnetic  force,  and  couple,  acting  on  the  7^-incli 
compass-card. — By  the  magnetic  moment  M — determined 
in  the  preceding  article— is  meant  the  effect  of  two  equal 
forces  acting  at  the  ends  of  an  arm  of  definite  length:  it 
is  now  proposed  to  determine  both  the  force  and  the  arm 
that  constitute  the  magnetic  moment  of  the  7J-inch  com- 
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that  Tahh. 
tancc  and 


For  the  s< 


/J'ASS. 


:^rd:  the  pole- 
ri  in  direction 
:hey  constitute 
ir.:s  R  and  A'' 

e  length  AB  is 
:  is. 


IK'TV.  ' 


•    •    (231) 


And  fc^r 


It  equal  forces  that 
:-:r:r^ass. 
i.ni  the  bowl  filled 


To  obui 
by  eqs. 


Heno 


I 


A^r  I: 


R 


l-\.r  ■ 


\U'. 


■■:    ■'...:.   ::o\v  acts   on 


.^. 


•  .\ 


\\\ 


r.orizontal 
.u::.^::  between 
r::  the  card  as 
""-x*  !:::es  repre- 
■:  iMr^illel,   but 
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their  resultants,  AR  and  BR',  when  prolonged  through  the 
points  of  application,  A  and  B,  are  at  the  ends  of  an  arm 

DE;  this  couple,  R-DE-R',  tends  to  turn  the  card  into 
alignment  with  the  Earth's  field,  as  in  Fig.  419.  If  the 
card  had  been  turned  until  the  needles  were  across  the 
magnetic  meridian,  as  in  Fig.  421,  we  should  have  the 


Fig.  421. 
longest  arm  possible,  and  therefore  the  maximum  effort 
of  the  couple;  for  the  forces  and  their  resultants  remain 
the  same  in  all  cases.  It  must  be  understood,  however, 
that  in  the  actual  condition  of  affairs,  there  is  in  Figs.  419, 
420,  and  421,  reciprocal  action  between  field  and  needles: 
still  the  factor  -field  is  not  included  in  R ;  this  stands  only 
for  the  united  pole-strength  (w)  of  the  four  needles  on  the 
card. 

Referring  to  eq.  203,  Art.  245.  it  is 

^^  /       ^ 
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Crmy 
strengtli 
and  am- 
two  gn  ■ 

have  jx'-' 
the  meat 


s  rss  cojiPAss, 

rii^tric  moment  represented 

!---f-i\'.  whose   mean  value 

c.-  J. ' J. S. -units;    AB  corre- 

TTS.  zy    231);    and  m  to  A' 

irtilleL  forces  acting  at  either 

i   :i:tfse  numerical  values  in 


This  is  t 
represeni 
Let  tin 


-^ : :'?.  *c  C.G.S.-units. 


(233) 


with   liqui'' 

lines  of  f<  m\ 
field  and  v. 
in  Fig.  4.:^ 
senting  t!v 


>» 


ics:  ^  :iie  ccmbiiied  pole-strength 


!■■-  - 


.i*-<.> 


T   ..wi   '«-  -e-Kscrength  of  a  long  needle 
^o-rr  -n^fdle,  63.0:    the  sum  of 
'^t.    *t  ^iiich  length  of  needle,  is 
,arc  in  1.233)  by  40.9  C.G.S.- 
-    -ajc'i  i?  indicating  the  loss  of 
->.   o-TTibination  on  a  card — 
\.  f\  Q  would,  singly,  be 
-:.  ^^   J\  fa»m  which  the  values 
:,c».i.  u:!C  which  latter  were  dealt 
^Hxr-.rrg  2 20. 29  by  4,  we  have 
^.-    V  .-uch  nee^ile  L,  A/,  P,  Q  in 
>uc  :hts  makes  the  long  and 
„    vvvvr.  whereas  they  bear  a 
,1  :v  ra^  of  the  mean  strength 
\i.:-u:>:iitg  the  strength  of  the 
j_.  .V  .^tlvr  avxvaiing  to  this  ratio. 
.^   ^c  \'i^  ones  a  pole-strength  of 
..1  v«v'>  -'C  '^'^'  ^^^**^^  short  ones  53.18 
**       v^'i.'i.MO''  :!u\v  cciiif>y  on  the  card. 
dUAC  (iv««  the  compass  direc- 
.     ^  t^^ivA^suing  a  finished  com- 

jn  $.•*  V  XV    and  let  a  magnet  .V5 


be  presented  to  it :  at  a  certain  point  of  approach,  the  card 
will  be  turned  across  the  meridian  as  shown ;    if,  now, 

access  be  had  to  the  arm  AB,  and  very  fine  silk  threads 
be  tied  to  it.  one  at  A  and  the  other  at  B.  and  both  be 
passed  over  little  wheels  without  frictional  movement, 
certain  weights  W,  W,  might  be  attached  to  the  end  of 

each  thread — the  magnet  NS  removed — and  the  card 
would  remain  across  the  meridian ;  the  value  of  this  weight 
is  now  to  be  determined^ — it  is  the  force  that  gives  the 
compass  direction. 

Evidently — since  it  is  in  equilibrium  with  the  directive 
magnetic  force  existing  between  the  needles  and  the  Earth — 
it  is  equal  to  the  product  R.H :  the  mean  value  of  H  at 
Washington  for  1890  was  0,1986  C.G.S.-unit;  the  value 
of  R  from  (233)  is  226.29  C.G.S. -units;  hence 

/^.//  =  (2a6.29)(o.i986)  =44,94  dynes.  (234) 

The  value  of  the  force  of  gravity  at  Washingon  is  about 
980  dynes;  hence  to  get  the  value  of  R.H  in  terms  of 
gravity,  we  have 


And  this  is  the  weight — a  truly  small  one — that  must  be 
suspended  as  in  Fig.  421  from  each  thread  fastened  to  the 
end  of  an  arm  12.2  centimeters  long,  to  keep  the  card  across 
the  meridian :  it  will  serve  to  impress  one  with  the  delicate 
forces  called  into  play  in  the  compass. 


253-  The  natural  magnetic  field. — Such  facts  as  tend 
to  explain  the  Magnetism  of  the  Earth  and  its  extension 
into  Air  as  Electricity  were  set  forth  in  Vol.  I :  the  abode 
of  the  phenomena  was  conceived  to  be  the  ether  of  space ; 
and  the  periodic  movements  of  this  ether  as  well  as  the 
fluctuations  of  these  movements  were  fully  described- — 
they  give  rise  to  both  the  regular  and  erratic  motions  of 
every  freely  suspended  needle  of  small  size,  and  even  to 
some  degree  affect  the  compass.  Formulas  for  the  general 
investigation  of  this  surging  medium  were  deduced  in 
Arts.  193  to  196,  and  we  have  now  to  determine  the  com- 
ponent that  directly  controls  the  compass;  this  matter 
has  already  been  treated  from  different  standpoints,  and 
it  will  conduce  to  its  better  understanding  if  articles  88  to 
91,  122  and  178;  and  pages  295,  382,  392,  393;  and  Chapter 
XI,  be  consulted. 

If  a  large  magnet  be  laid  on  a  table,  and  a  small  needle 
be  suspended  at  different  points  above  it,  as  in  Fig,  422, 
the  needle  will  dip — the  end  of  unlike  polarity  approaching 
the  magnet — except  at  the  middle  point,  where  the  needle 
is  horizontal:  it  is  a  universal  law  of  the  relative  action 
of  two  magnets — when  one  is  the  Earth,  as  well  as  when 
one  is  only  a  steel  bar. 

Magnetic  attraction  and  repulsion  produce  this  result; 
and  the  effects  might  be  carried  to  the  extent  of  the  bodily 
transfer  of  a  magnet  if  it  were  floated  on  a  cork  slab  in 
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water — it  would  approach  or  recede  according  to  the  pole 
of  another  magnet  presented  to  it.  That  magnets  do  not 
so  move  tmder  the  influence  of  the  Earth  alone,  is  due  to 
the  great  distance  of  even  its  nearest  magnetic  pole  com- 
pared to  the  small  length  of  steel  bars;    the  Earth  acts 


B 


Fig.  422. 

equally  on  each  end  of  the  magnet — repels  the  one  as  much 
as  it  attracts  the  other,  and  thus  exercises  only  a  directive 
force. 

Consider  Fig.  423 — it  represents  a  needle  tmder  the 
influence  of  the  Earth* s  north-pole:  this  exerts  an  attrac- 
tive force  FB  on  the  near  end,  and  a  repulsive  force  EB' 
on  the  remote  end;  both  are  equal  in  amoimt  and  parallel 
in  direction  because  of  the  great  distance  of  the  Earth's 

pole  compared  to  the  length  EF  of  the  needle:  similarly, 
the  terrestrial  south-pole  gives  rise  to  two  equal,  though 

lesser,  forces — EA' ,  attractive,  and  FA,  repulsive.  Com- 
pleting the  parallelogram  of  forces  at  each  end,  we  have 
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the  resultant  effect  of  the  Earth,  FR  and  ER',  which  gives 
the  needle  direction^the  dip  that  takes  place  at  C.  Fig. 
423;  when  the  needle  is  at  A,  Fig,  422,  the  south-pole 
of  the  Earth  (simulated  by  the  magnet  M)  is  dominant, 
and  the  other  end  of  the  needle  dips:    when  it  is  at  B, 


Kio.  ^ 


both  poles  act  equally,  and  the  needle  becomes  horizon- 
tal— a  condition  that  is  experienced  at  the  terrestrial 
magnetic  equator.  In  Fig.  423  the  lines  FR  and  ER' 
should    have    been    drawn    in    the  prolongation  of  EF. 

Now,  to  deal  separately  with  FR,  Fig,  423.  transfer  it 
to  Fig,  424:   whatever  result  is  obtained,  will  be  equally 

applicable  to  ER' ;  both  these  forces  and  the  axis  of  the 
needle  (Fig,  423)  are  in  the  vertical  plane  through  the  mag- 
netic meridian,  which  is  thus  but  the  trace  of  this  plane  on 
the  surface  of  the  Earth:    for  a  small  extent  the  meridian 

may  be  represented  by  a  horizontal  straight  line  FC  (Fig. 
424),  to  which  CR  is  perpendicular. 
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In  the  triangle  FCR,  then,  we  have:  FR^T,  the  to- 
tal magnetic  force;     FC^H,  the  horizontal   component; 

CR=Z,  the  vertical  component;    and  CFR=^D,  the  dip. 
The  formtilas  of  a  right-angled  triangle  afford  the  means 


of  determining  any  one  of  these  quantities  when  two  others 
are  given,  thus: 


sin  Z)  =  yT ;  hence  Z  =  T.sin.Z). 

ZJ 

cos  D  =  -j^\  hence  H  =  T.cos  D. 

Z 

tanZ)=-rr;  hence  Z=//.tanjD. 

ZJ 

cot  Z)  =  y  ;  hence  H^Z. cot  D. 

T 
secD  =  -fT\  hence  T^H .sec D. 


.  (236) 


•  (237) 


(238) 


(239) 


(240) 


cosec  Z)  =  y  ;  hence  T 

T^^W+Z^\  hence  T 
H»  =  r»-Z';  hence //  = 
Z^^T^-W\  hence  Z 


Z .  cosec  D. 

•     (241) 

VH»  +  Z'. 

•     (242) 

vr'-z».  . 

•     (243) 

VT*-H\  . 

•     (244) 
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The  quantity  K,  variously  detennined  by  some  of  these 
formulas,  is  that  component  of  the  Earth's  total  force 
which  gives  the  compass  direction  in  every  part  of  the 
globe;  it  represents  the  field  (modified  by  surrounding 
iron)  in  which  the  experiments  of  the  preceding  chapter 
were  conducted :  usually,  H  denotes  the  natural  magnetic 
field  of  the  Earth  as  pictured  by  parallel  lines — called  lines 
of  force — Fig.   425.     When  the  compass-needles  are  par- 


allel  to  them,  they  are  steadiest — when  across,  most  un- 
stable, and  the  turning  moment  greatest. 

Consider  a  midway  position  NS — Fig.  425:  there  are 
two  ways  of  determining  the  couple  acting  on  the  com- 
pass— by  resolving  either  the  force  or  the  arm. 

To  RESOLVE  THE  FORCE:  in  Fig.  425,  in  place  of  NA  — 
SB=H,  substitute  components  parallel  and  perpendicular 
to  NS;  NM  and  SL  being  equal  and  opposite,  neutralize 
each  other,  leaving  the  couple  ND,  NS,  SC'^Q;  hence 

Q^ND.NO+SC.Sd.     ....     (34s) 


VxalmagWetTcfield. 


By  construction 


OD  =  NA=OC=SB=H. 


.  „  /7b   sc 


hence  ND=SC  =  H.: 


OD    OC 


Also 


NO=SO  =  /  =one  half  the  length  of  the  needle.     (248) 

Whence  from  (245)  to  (248), 

Q  =  2l.H,smO (249) 

This  refers  to  the  field  H  only  in  connection  with  the  arm ; 
but  it  is  not  at  a  single  point  N  or  S  alone  that  H  acts,  but 
throughout  the  length  of  the  needle,  which  is  magnetic 
in  its  finest  particles;  and  the  field  is  not  accurately  repre- 
sented by  parallel  lines,  however  closely  drawn — rather, 
it  is  like  a  solid  stream— so  that  the  interaction  is  between 
the  most  minute  subdivision  of  field  and  needle:  the  re- 
sultant effect  is  therefore  expressed  by  the  product  m.H. 
of  which  the  field  factor  is  summed  up  in  H  and  the  needle 
factor  in  m — pole-strength.  Introducing  this  total  force 
into  (249),  we  obtain  the  magnetic  moment  .1/  of  the  com- 


M  =2l.m.H.sm  0. 


(^50) 


To   RESOLVE   THE   ARM;    the    resultant  force  m.H    re- 
maining unchanged  in  ijmDunt,  it  may  be  applied  to  the 

branches  NF  and  SE  into  which  NS  is  resolved  at  right 
angles  to  the  direction  of  the  forces,  that  is,  the  magnetic 
moment  M  becomes 


M  =  (wi .  H)  (NF)  +  (ni .  H)  (SE) . 


(251) 
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By  Fig,  42  s. 

we  have 

f^F    SE.  ..__„  ,^^    .^ 

hence  NF=SE^l. sin 


(25  =  ) 


Substituting  this  in  (251).  it  becomes 
M  =  sLm.H.sinO, 


(253) 


wliich  is  the  same  as  equation  (250),  as  it  should  be. 

254.  The  Datural  magnetic  field  modified  by  various 
causes. — \V'ere  the  compass  controlled  by  the  natural  field 
alone,  it  would  point  forever  to  the  magnetic  north;  but 
such  is  seldom  the  case:  the  influence  of  the  ship  itself 
is  an  artificial  modification — ever  present — ever  varying. 
Being  a  magnet,  when  she  pitches  or  rolls  it  gives  rise  to 
ether  wa\-es  that  beat  upon  the  compass,  and  if  timed 
to  its  period,  may  set  up  considerable  oscillation  of  the 
needle.  Then,  on  board,  there  are  equipments  that  excite 
other  commotions — dynamos  and  motors  that  send  out 
magnetic  waves;  instruments  for  wireless  telegraphy  that 
generate  electromagnetic  waves;  and  circuits  that  create 
strong  magnetic  fields — all  which,  conspiring  or  conflict- 
ing, affect  the  compass:  from  whatever  source  they  come, 
they  are  ether  waves  whose  varied  manifestations  have 
been  described  in  Vol.  I. 

Firing  the  battery  often  radically  changes  the  magnetic 
character  of  a  ship,  which  in  turn  has  a  reflex  action  on 
the  deviations. 

There  are  also  natural  sources  of  modification  of  the 
Earth's  magnetic  field:  experiment  has  shown  that  oxygen 
is  magnetic,  and  hence  air  also;  it  has  been  calculated 
that  one  cubic  meter  of  oxygen  would  act  on  a  compass 
like  0.54  gram  of  iron,  and  one  cubic  meter  of  air  like  o.ii 
gram  of  iron ;  also,  that  in  its  magnetic  character  the  entire 
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atmosphere  equals  a  rind  or  peel  of  iron  o.i  millimeter 
thick  enveloping  the  Earth :  it  can  easily  be  imagined  how 
the  incessant  motion — the  varied  wrinkling  of  this  skin — 
might  set  up  disturbing  ripples.  Again :  the  relative 
condition  of  Earth  and  Air,  electrically  considered,  is  that 
of  positive  and  negative  charge — the  former  negative, 
the  latter  positive,  with  increasing  potential  the  higher 
we  ascend ;  the  dense  stratum  of  non-conducting  air  that 
intervenes  between  the  rare  regions  and  the  Earth  com- 
pletes the  analogy  of  the  whole  to  a  huge  Leyden  jar:  in 
this  stratum  the  potential  has  been  observed  to  vary  40 
volts  in  the  height  of  a  foot,  and  sometimes  much  more 
in  unsettled  weather ;  with  this  extreme  and  rapid  change 
vertically,  something  akin  must  occur  horizontally — quick 
differences  of  potential  in  small  areas — and  this  might 
readily  be  felt  by  the  compass. 

Finally:  instances  are  on  record  where  the  poles  of 
the  compass  have  been  reversed  by  lightning — or  neu- 
tralized— or  turned  90°,  so  that  the  A^-point  of  the  card 
was  east  or  west :  it  is  therefore  essential  to  examine  the 
compass  after  a  thunder-storm. 

It  has  also  been  obser\'ed  that  hghtning  magnetizes 
anew  masses  of  iron  and  steel  in  the  ship. 

Add  to  the  foregoing  disturbances  the  counter-strains — 
the  magnets  and  soft  iron  that  are  disposed  about  it  to 
reduce  waywardness,  and  it  may  truly  be  said  that  the 
compass,  like  a  mettlesome  colt,  is  bound  and  curbed 
until  scarcely  a  free  motion  is  left  it  in  the  natural  field 
destined  for  its  abode. 

255.  The  true,  the  magnetic,  and  the  compass,  course. — 
However  complex  may  be  the  composition  of  the  field 
around  the  compass,  this  always  ]_>oints  in  the  direction  of 
the  resultant  force;  and  from  this  direction  all  compass 
courses  are  reckoned:  but  it  is  often  necessary  to  know 
their  equivalents   in  angles  reckoned   from  other  initial 
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lines,  and  hence  we  have  the  true  course  counted  from  the 
meridian  through  the  geographical  poles,  and  the  r>mg- 
netic  course  counted  from  the  closed  ciuve  through  the 
magnetic  poles. 


Consider  Fig.  426:  AO  is  the  true  meridian  and  BO 
the  magnetic,  forming  the  angle  AOB^V,  the  variation; 
CO  is  the  direction  of  the  resultant  of  all  the  forces  to  which 
the  compass  is  subject,  making  with  BO  the  angle  BOC  =•  3, 
the  deviation:  it  is  evident  that  CO  may  lie  between 
BO  Etnd  AO,  or  on  the  other  side  of  the  latter  line;    or, 

that  BO  and  CO  may  60/^1  be  on  that  side,  occupying  the 
relative  positions  of  the  figure,  or  a  transposed  one. 

Then  E  being  the  direction  of  the  ship's  head,  EOC  is 
the  compass  course;  EOB,  the  magnetic  course;  and  EOA, 
the  true  course.  Regarding  directions  east  of  the  true 
meridian  as  plus  (  +  )  and  those  west  as  minus  (  — )  the 
several  courses  may  be  expressed  thus : 

The  true  course  is  the  angle  formed  by  the  ship's  track 
with  the  meridian  through  the    poles  of  the  Earth:  the 
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magnetic  course  =  true  course  ±  the  variation;  the  com- 
pass course  •=  true  course  ±  the  variation  ±  the  deviation 
proper  to  that  compass  course. 

Rule  I.  Given  magnetic  course;  required  true  course: 
look  from  the  center  of  the  compass  at  the  given  point; 
if  the  variation  is  easterly,  add  its  amount  to  the  right 
of  that  point;  if  westerly,  to  the  left. 

Rule  II.  Given  true  course ;  required  magnetic  course: 
look  from  the  center  of  the  compass  at  the  given  point; 
if  the  variation  is  easterly,  add  its  amount  to  the  left  of 
the  given  point;   if  westerly,  to  the  right. 

Rule  III.  Given  compass  course;  required  magnetic 
course:  use  Rule  I,  substituting  for  variation  the  devia- 
tion proper  to  the  given  compass  course. 

Rule  IV.  Given  magnetic  course;  required  compass 
course:  use  Rule  II,  substituting  for  variation  the  devia- 
tion proper  to  the  given  magnetic  course ;  observing,  how- 
ever (since  the  compass  course  is  not  known  and  hence 
»ot  the  deviation  proper  to  it),  that  when  the  deviation 
is  large,  and  changes  greatly  in  amount  from  point  to 
jxjint,  the  process  must  be  repeated,  using  the  new  devia- 
tion proper  to  the  new  compass  course,  and  thus  approxi- 
mating until  a  correct  result  is  reached. 

For  the  mechanical  indication  of  these  courses,  the 
Undicator  represented  in  Fig.  427  was  devised  in  1882:  it 
is  a  variation  of  an  instrument  long  known  to  seamen. 

It  consists  of  three  pieces  of  thick  cardboard,  two  cir- 
cular and  one  square;  the  graduation  on  each  is  printed 
^rom  copper  plates;  the  cards  are  placed  one  on  top  of  the 
ether— the  upper  is  red,  five  inches  in  diameter;  the  mid- 
dle white,  seven  inches  in  diameter;  and  the  lower  blue, 
eight  inches;  the  latter  is  fixed  in  a  box,  and  the  other 
two  turn  about  it  on  tlie  brass  screw  in  the  center,  which 
is  so  made  that  both  circular  cards  and  a  brass  arm  may 
be  clamped  separately  or  together. 
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lOK  XTsB  OP  THE  Course  Indicator: 
k  «f  tbe  white  card  (with  reference  to 


-K*.  »1  lo  Example  given  on  page  711. 
.  1*  fccMl  fri"'  card;  middle  degree-raarks  (in 
,  ^^  vkiiv  revolving  drclc ;  and  inner  degree- 

■•Kb,-  iMK*>  in  the  direction  and  by 
^i^«^;  sJmilarly,  set  the  north  point 


of  the  red  card  (with  reference  to  the  north  point  of  the 
wliite  one)  in  the  direction  and  by  the  amount  of  the 
deviation:  then  any  one  of  the  three  courses— the  true, 
the  magnetic,  or  the  compass  course — being  given,  revolve 
the  arm  until  the  bei<eled  edge  is  upon  that  course,  when 
the  other  two  are  seen  on  the  same  edge. 

To  illustrate;  suppose  a  ship  heading  W.  by  N.,  devia- 
tion 7*  W.,  variation  23°  E. ;  required  the  true  and  mag- 
netic courses:  set  the  A''-point  of  the  white  circle  at  23°  E. 
of  the  jV-point  of  the  blue  card,  and,  while  holding  it  there, 
set  the  red  circle  with  1(5  iV-point  at  7°  W.  of  the  A'-point 
of  the  white  circle;  clamp  the  two  circles  and  move  the 
brass  arm  until  its  beveled  side  is  on  W.  by  N.  of  the  red 
circle ;  then  the  corresponding  divisions  in  line  on  the 
beveled  edge  will  be  found  to  be :  on  the  red  circle,  the 
compass  course  W.  by  N.  =N.  79"  \V.  =[281°];  on  the 
■white  circle,  the  magnetic  course  =^N.  86°  ^'.=[274°];  and 
on  the  blue  card,  the  true  coiu-se  =N.  63°  W.  =^[297"]. 

Suppose  at  the  same  time,  that  the  ship  were  in  the 
vicinity  of  land,  where  it  was  required  to  fix  her  position 
by  bearings,  while  heading  W.  by  N.,  and  that  to  plot 
these  on  a  chart,  the  corresponding  magnetic  or  true  bear- 
ings were  required :  all  that  is  necessary  is  to  turn  the 
brass  arm  to  the  compass  bearing  on  the  red  card  and  the 
corresponding  magnetic  and  true  bearings  will  be  seen 
in  line  along  the  beveled  edge  on  the  white  and  blue  cards 
respectively.     The  following  is  an  example; 

First  set  of  bearings : 

by  Compass  =  S.  46°  E.  =[134"]; 

corresponding  Magnetic  =  S.  53°  E.  =  [i27°]; 

and  True=S.  30°  E.  =[150"]. 

Second  set  of  bearings: 

by  Compass=S.  24°  W.  —[204°]; 
corresponding  Magnetic  =  S.  17°  W.  "=[197°]; 
and  True  =S.  4o°W.  =  [220°]. 
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In  all  the  preceding,  the  figures  within  brackets,  as 
[220®],  denote  the  several  courses  and  bearings,  if  the  card 
tiiTt*  (graduated  to  degrees  continuously  from  o®  at  North  to 
^^()o®.  and  this  simplicity  would  be  most  desirable — for  it 
is  entirely  specific  without  any  additions  of  N.,  S.,  E., 
or  W. 

When  bearings  are  frequently  taken  by  compass,  as 
on  entering  port,  their  ready  conversion  into  true  or  mag- 
netic equivalents  for  plotting  is  a  matter  of  the  first  im- 
IHM'tatHX^:  and  it  is  in  such  cases  that  the  Indicator  is 
nu^st  useful:  many  things  then  engage  the  navigator's 
.atention  -he  is  liable  to  err,  however  capable  and  care- 
l\iK  but  the  ntechanispn — never.  Let  any  one  propose  to 
hiu\self  the  question  solved  above  so  quickly — ship  head- 
u\>*  \\\  by  X.,  deviation  7®  W..  variation  23®  E.,  what  are 
th\^  true  and  magnetic  bearings  corresponding  to  compass 
^HNuin^is  S.  46®  E.  and  S.  24°  W. ? — and  he  will  realize  the 
tsUMluv  of  the  mechanical  over  the  mental  process,  with 
th\^  unt.ulinjj  correctness  of  the  former,  in  addition. 

All  \\nu>ies  and  Ix^arings  should  be  by  the  Standard 
v'oui|\^ss»  whost"  de\nations  are  accurately  determined; 
,t*sl  ^V.e  suxM*ins  compass  should  be  compared  with  the 
Vs.iUsLuxl  vMi  every  change  of  course. 

i^fv.  The  Compass  a  reliable  guide. — From  what  has 
"svi^  xvt  tvMth  in  Chapter  II.  it  will  be  seen  that  not  only 
,iv^  ;'v  *,^\sJlos  iwxMve  tlie  greatest  care  to  ensure  enduring 
\v  Vi\^:^''.  ^ut  also  tliat  the  various  p;irts  constituting  their 
>ss;V  i'V  .ivNiirately  made  and  fitted,  one  to  another,  and 

\x  ^V  xNMV.bined  product  of  the  skill  and  intelligence 
^,^     V    ^vi.K\  *'^  '^1^^-   C:.o  :oo':.r.ical  kr^.owledge  and  minute 
vVnvv^^  N^t   tV.o  Sir.vnr.tor.viov.:   of  Compasses,  the  in- 

>  v^;:>  >N*,  NN"»v  '.uw:  over  l.\y  b'.i-.r.o  to  it  for  **nmning 
vvi>  '^^^^  ^^.^^»*^  v^"  Ixir.c  o:':.o:wisc  haz^irded";   and 
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indeed  its  record  justifies  this  assertion;  for  it  has  now 
these  many  years  been  guiding  ships  of  every  class — ^gun- 
boats, cruisers,  battleships — of  wood,  of  iron,  and  of  steel — 
in  every  sea;  through  all  kinds  of  weather;  in  peace  and 
in  war — and  I  have  yet  to  learn  of  a  single  mishap  justly 
chargeable  to  it,  or  a  defect  that  could  lessen  reliance  upon 
it  in  any  contingency. 

And  it  is  well  that  those  who  use  it  should  know  the 
details  of  its  manufacture,  for  it  tends  to  inspire  them  with 
confidence  in  its  indications  in  many  a  critical  jimctiu'e. 
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PART  THIRD. 

THE  SHIP  A  MAGNET, 


CHAPTER    XVI. 


THE    MAGNETIC    CHARACTER    IMPRESSED   ON 
WHILE    BUILDING. 


357.  The  Earth  is  a  huge  spherical  magnet  and  the 
compass-needle  a  small  cylindrical  one  ;  these  facts  have 
been  established  in  Vol.  I :  the  ship — the  third  of  the 
bodies  whose  intimate  connection  forms  the  subject  of 
this  Treatise — will  now  be  shown  to  be  equally  a  magnet. 

258.  Acquisition  of  the  magnetic  state  illustrated  by 
temperature  changes. — Sup]K>se  several  bodies  possessed 
of  different  degrees  of  heat  and  surrounded  by  air  or  water 
of  uniform  temperature,  but  different  from  that  of  any 
of  the  bodies:  heat  will  be  communicated  from  one  to 
another  and  from  all  to  the  medium  until  the  same  tem- 
perature pervades  all;  and  the  amount  of  interchange 
will  depend  upon  the  original  difference  of  temperature 
of  the  bodies  and  medium. 

In  Vol.  I  it  was  indicated  that  Heat  is  probably  a 
suit  of  motion — a  vibration  of  the  molecules  of  matter, 

ied  by  ether  waves  from  a  source  of  heat  beating  upon 

^  matter:  degrees  of  heat  and  cold,  then,  are  really  only 

Sferent  rates  of  vibration ;    and  changes  of  temperature 

only  an  interchange  of  these  rates  of  vibration  between 

bodies. 

But  the  ether  is  the  seat  of  other  waves  than  those 
that  produce  heat — waves  (whatever  their  origin)  that 
give  rise  to  manifestations  called  electric  and  magnetic; 
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and  these,  also,  beat  upon  matter  and  impress  upon  it  a 

characteristic  condition,  just  as  heat  waves  make  it  hot. 

All  bodies  are  not  equally  receptive  of  heat:  a  metal 
will  acquire  and  conduct  it  readily,  while  asbestos  scarcely 
at  all;  and  between  these  there  are  materials  of  every 
degree  of  conductivity.  The  same  is  true  of  Light:  some 
bodies  are  wholly  opaque,  others  beautifully  transparent ; 
the  ether  waves  that  produce  light  are  absorbed  by  the 
first,  and  transmitted  by  the  second ;  and  between  these 
extremes  there  are  many  shades  of  opacity  and  trans- 
lucency. 

And  so,  too,  with  the  magnetic  condition — it  impresses 
itself  with  case  upon  wrought  iron,  but  finds  bismuth  as 
adamant  to  its  touch;  and  with  matter  of  other  kinds  it 
meets  a  varying  reception. 

The  magnetic  condition  of  the  ether  is  analogous  to  its 
thermal  stated-one  of  eternal  change  with  time  and  place : 
if  we  traverse  the  Earth  from  Equator  to  Pole,  we  find  a 
varying  magnetic  intensity  as  well  as  different  degrees  of 
heat  and  cold;  and  each  condition  invests  bodies  sus- 
ceptible to  it  with  an  intensity  proportional  to  its  own 
amount  and  their  receptivity.  Hence,  a  ship  acquires  the 
magnetic  condition  of  the  region  she  is  in  to  the  extent 
that  the  iron  in  her  structure  will  admit — that  is,  her  mag- 
netic character  is  ever  changing,  and  what  we  deal  with 
is  the  resultant  of  her  original  nature  and  terrestrial  con- 
ditions. 

Four  influences  enter  into  the  formation  of  a  ship's 
magnetic  character:  ist,  the  quality  of  the  iron  and  steel 
used  in  construction;  ad,  the  amount  of  manipulation  it 
undergoes;  3d,  the  direction  in  which  the  keel  is  laid; 
and  4th,  the  strength  of  the  terrestrial  magnetic  field. 

359.  Iron  used  in  ship-building  and  its  permeability 
to  magnetism. — ^  Porosity  of  matter  is  a  more  or  less  loose 
condition  of  its  particles  that  allows  a  liquid  to  filter  through 
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it — ease  of  entry  and  ease  of  exit :  an  analogous  condition 
of  iron  for  magnetism  is  called  its  Permeability;  in  any 
particular  mass  of  the  metal,  it  is  the  ratio  of  its  magneti- 
zation to  the  magnetizing  force — a  nimierical  quantity, 
since  both  the  cause  and  its  effect  can  be  expressed  by 
numbers.  Magnetization,  however,  does  not  increase  in 
a  constant  ratio  to  field  intensity:  when  this  is  feeble,  the 
metal  acquires  but  little  magnetism ;  when  strong,  the 
magnetization  is  great  and  rapid;  while  a  further  increase 
of  field  adds  but  little  to  the  amount  already  acquired — 
the  tendency  is  toward  a  limit.  This  point  is  explained 
in  Art.   191. 

The  name  Iron  is  used  here  in  the  generic  sense,  and 
therefore  includes  all  its  varieties — wrought  and  cast — 
pure  and  mixed  with  carbon  to  form  steel  of  varied  hard- 
ness. 

The  mixture  of  certain  ingredients  with  iron  lessens  its 
susceptibility  to  magnetism:  it  is  said  that  12  per  cent, 
of  manganese,  and  even  a  less  quantity  of  antimony, 
combined  with  steel,  will  make  this  metal  non-magnetic; 
and  that  arsenic  produces  the  same  efTect  on  nickel.  Be- 
sides iron,  nickel  and  cobalt  are  sufficiently  receptive  of 
magnetism  to  be  injurious  in  close  proximity  to  the  com- 
pass. 

Every  mass  and  particle  of  iron  on  the  Earth's  surface 
acquires  in  some  degree  the  intensity  of  the  natural  field 
surrounding  it;  and  this  without  violence  of  any  kind  to 
the  metal,  but  quietly,  by  induction  alone — by  the  mere 
fact  that  the  metal  is  in  the  midst  of  the  Earth's  magne- 
tism. The  steel  rails  that  afford  transit  from  seaboard 
to  interior,  the  trestle-work  upon  which  the  elevated  trains 
traverse  the  metropolis,  the  heavy  castings  in  a  foundry, 
the  massive  forgings  in  a  machine-shop,  even  the  little 
scraps  upon  a  neglected  heap,  have  one  and  all  magnetic 
features  that  distinguish  them  from  other  metals — features 
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entirely  analogous  to  those  of  a  steel  magnet,  and  acquired 
frtjm  the  gentle,  steady  impress'  of  terrestrial  magnetism 
alone. 

Mechanical  work  upon  iron — such  as  hammering,  bend- 
ing, twisting,  boring,  drawing  into  wire,  heating  and  sud- 
denly chilling,  tensile  stress  and  compression — will  affect 
tlie  degree  of  magnetization :  after  any  of  these  processes, 
the  magnetism  possessed  will  differ  from  what  it  would 
have  l>een  before  them;  and  in  the  hull,  armament,  and 
equipment  of  a  ship  of  war,  there  are  masses  of  iron  that 
have  undergone  one  or  other  of  these  processes — the  iron 
of  her  structure  will  be  difTerently  affected  by  the  Earth's 
magnetism. 

Soft  iron  affords  a  standard  of  magnetic  permeability, 
and  should  therefore  be  defined:  pure  Swedish  iron  is 
"made  soft  by  soaking  in  a  blood-red  fire  for  some  hours, 
and  then  cooling  very  slowly  by  burying  in  the  hot  ashes, 
or  allowing  the  fire  to  go  out."  It  is  susceptible  of  the 
highest  magnetization ;  but  this  is  only  transient. 

Let  us  consider  a  metallically  pure  cylinder  of  soft  iron 
that  has  not  been  hammered,  and  conceive  it  free  of  mag- 
netism ;  hold  it  in  the  line  of  Dip,  and  instantly  the  upper 
end  becomes  a  5i?H(/j-pole  and  the  lower  a  jwr/fe-pole — l/wt 
is,  Uie  FORMER  (a  blue  pole)  will  attract  the  north  point  of 
a  compass-card,  and  the  latter  (a  red  pole)  will  repel  it; 
this  is  what  occurs  north  of  the  Magnetic  Equator — the 
converse  i.vill  be  the  case  south  of  it;  while  on  that  line, 
neither  end,  with  the  cylinder  vertical,  will  exhibit  these 
characteristics,  because  no  vertical  component  of  terres- 
trial magnetism  exists  there  to  produce  them. 

Reverse  the  cylinder  as  quickly  as  we  may,  and  the 
magfjcttsm  also  reverses,  so  that  the  upper  and  lower  poles 
are  the  same  as  before. 

Hold  it  horizontally  in  the  meridian,  and  the  end  toward 
the  north  becomes  a  red  pole,  while  that  toward  the  south 


a  blue  pole.  Revolve  it  slowly  or  rapidly  in  azimuth,  and 
the  foci  of  magnetic  polarity  also  move  with  the  fidelity 
of  a  shadow,  until,  when  the  cylinder  points  east  and 
west,  all  the  side  facing  the  north  is  pervaded  by  red  mag- 
netism, and  that  facing  the  south  by  blue  magnetism. 
Of  course,  the  colors  are  here  used  to  express  the  opposite- 
ness  of  polarity,  not  an  actual  fact. 

Now,  let  us  conceive  the  hull  of  a  ship  to  be  like  the 
cylinder,  of  metallically  pure  soft  iron  and  as  susceptible 
to  magnetic  induction  in  her  ever-changing  course  as  the 
cylinder  is  when  turned  round.  Then  as  the  ship  heads 
north  (in  north  latitude),  the  bow  will  become  the  center 
of  red  pwlarity,  and  the  stem  that  of  blue.  As 'she  grad- 
ually changes  course  to  the  eastward,  so  will  the  red  focus 
shift  to  the  port  bow,  the  blue  focus  to  the  starboard 
quarter,  and  the  neutral  line  dividing  them  (which,  while 
the  ship  headed  north,  was  athwartships)  will  now  become 
a  diagonal  from  starboard  bow  to  port  quarter.  When  the 
ship  heads  east,  all  the  starboard  side  is  pervaded  with 
blue  polarity,  the  port  \vith  red,  and  the  neutral  line  takes 
a  general  fore-and-aft  direction.  Continuing  to  change 
course  to  the  southward,  the  poles  and  neutral  line  continue 
their  motion  in  the  opposite  direction,  until  at  south  the 
conditions  at  north  are  repeated,  but  this  time  it  is  the 
stem  that  is  red  and  the  bow  blue. 

At  west  the  conditions  at  east  prevail,  only  that  it  is 
the  starboard  side  that  has  red  polarity,  and  the  port  side 
blue.  In  south  magnetic  latitude,  the  reverse  of  all  the 
preceding  would  occur. 

And  this  transitory  induction  in  both  the  cylinder  and 
the  ideal  ship  is  solely  the  effect  of  the  Earth's  magnetic  field. 

But,  to  consider  this  in  connection  with  an  actual  ship: 
the  iron  of  no  vessel,  its  armament,  or  equipment  is  metal- 
lically pure ;  nor  has  it  acquired  shape  without  much  ham- 
mering; moreover,  it  cannot  be  made  an  abstraction  from 
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a  mngnetic  state.  By  the  varied  processes  of  building,  the 
whole  structure  has  become  as  permanent  a  magnet  as  a 
Hlfel  bar,  with  the  poles  and  neutral  line  located  according 
to  the  magnetic  direction  in  which  the  ship  lay  on  the 
Htocks.  in  conformity  to  the  places  they  occupied  in  the 
idtftl  vessel  just  described.  Therefore,  she  is  not  now  as 
susceptible  to  the  mild  induction  of  the  Earth  as  the  soft- 
inm  cylinder  and  ideal  hull  are,  although  the  straining 
while  on  a  passage  and  the  buffeting  of  the  waves  do  assist 
the  inducing  tendency;  besides,  once  that  the  magnetic 
impress  has  been  made — as  in  building — it  does  not  move 
with  the  facility  it  did  in  the  soft-iron  cylinder,  so  that 
the  transitory  induction  finds  a  tenacious  occupant  of  the 
vessel,  and  must  adapt  itself  accordingly ;  it  is  the  resultant 
of  both  the  temporary  and  permanent  magnetism  we  always 
find,  and  not  the  individuality  of  either. 

Time  is  an  important  element  in  the  acquisition  and 
intensity  of  this  transient  magnetism;  for  the  longer  a 
ship  steers  on  a  given  course,  or  swings  at  anchor  in  the 
same  general  direction,  the  greater  will  be  its  amount:  it 
is  of  prime  importance  in  navigation;  the  characteristic 
magnetic  features  of  a  ship  are  not  very  mobile,  but  those 
that  acquire  temporary  lodgement  are  treacherous  and 
changeable  to  a  degree  that  necessitates  constant  vigilance 
to  prevent  disaster. 

Instead  of  attributing  the  loss  of  vessels  to  improbable 
influences  upon  the  compass,  it  were  more  reasonable  to 
ascribe  it  to  the  changed  condition  of  her  magnetism  bv 
temporary  induction  during  the  passage,  and  which  has  not 
been  discovered  or  kept  account  of  by  frequent  azimuths 
previous  to  closing  in  with  the  land.  Suddenly,  a  course 
the  Captain  thought  perfectly  safe,  carries  the  ship  upon 
a  shoal  or  rock,  and  the  fault  is  laid  upon  the  compasses, 
whereas  they  but  obeyed  the  magnetic  influences  that 
became  altered  during  a  long  passage. 
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260.  Experimental  proof  of  the  ship  being  a  magnet. — 

Occasional  reference  has  been  made  in  this  Treatise  to  the 
ScoRESBY — Fig.  428.  In  1883,  when  the  Compass  Office 
was  under  the  Bxoreau  of  Navigation,  I  received  authority 
from  Rear-Admiral  J.  G.  Walker,  U.S.N. .  then  chief  of  the 
Bureau,  to  have  this  little  vessel  made  at  the  Washington 
Na\'y  Yard:  it  was  designed  to  illustrate  experimentally 
the  mathematical  theory  of  the  deviations,  the  magnetism 
of  ships,  and  other  reFated  matters.  It  is  still  in  use  for 
these  purposes,  and  also  for  showing  officers  ordered  as 
navigators  of  ships  the  practical  methods  of  compensating 
compasses:  indeed  it  is  the  final  experimenlal  arbiter  of 
all  questions  in  this  branch  of  enquiry,  For  convenience 
of  reference,  it  was  given  a  name — that  of  the  able  investi- 
gator who  accomplished  so  much  in  this  field  of  research. 

A  few  changes  liave  been  made  in  it  since  1883,  so 
that  the  description  here  given  applies  to  the  original 
design,  with  which  the  experiments  described  in  this  Part 
of  the  Treatise  were  made. 

Dimensions  of  the  Scoresby  :  length,  6  ft.  g  in. ;  beam, 
3  ft.,  2  in. ;  height  of  upper  deck  from  floor,  3  ft.  2  in. 
The  stem,  keel,  and  stem-post  form  one  piece — a  stout 
bronze  casting.  From  strong  bronze  cross-pieces  attached 
to  the  keel  near  the  bow  and  stem,  four  heavy  bronze 
screws  rose  and  supported  the  three  wooden  decks;  the 
middle  and  lower  decks  could  be  raised  and  lowered  at 
vril].  The  vessel  was  pivoted  at  the  stem  in  a  wooden 
socket  screwed  to  the  floor;  this  socket  was  in  the  center 
of  a  large  brass  circle  {also  fixed  to  the  floor)  and  upon 
which  a  bronze  wheel  at  the  bow  tumed,  affording  motion 
in  azimuth. 

There  was  a  contrivance  for  heeling  the  vessel  to  any 
angle  up  to  45°,  and  also  for  giving  it  a  deep  and  rapid 
rolling  motion. 

Thus  the    Scoresby,  like  a  ship  at  compass-buoys, 
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could  be  "swung"  either  on  an  even  keel  or  heeled;  and 
with  iron  tubes  and  magnets  suitably  disposed  about  its 
decks  to  represent  beams,  smoke-stack,  engines,  propeller- 
shaft,     boat-davits,   masts,    yards,    battery,   and    armor. 


1883. 

the  varied  disturbing  effects  of  these  upon  the  compass 
could  be  sho^vn:  in  fact,  there  is  scarcely  any  magnetic 
investigation  of  a  real  battleship  that  cannot  be  carried 
out  in  miniature  on  the  Scoresby.  There  were  several 
strong  bronze  arms  for  holding  tubes  and  magnets  in  any 
position  or  in  any  direction;    Fig.  428  shows  one  combina- 
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tion  of  the  soft -iron  rods  and  steel  magnets  that  physically 
represent  the  mathematical  theory  of  the  deviations. 

The  ScoRESBY  was  mounted,  as  in  Fig.  429.  in  the 
Office  of  Superintendent  of  Compasses— then  on  the  second 
floor  of  the  Navy  Department — a  spacious  room,  well 
lighted  by  three  large  windows  looking  west;  its  dimen- 
sions are:  length,  29  feet;  width,  20  feet;  height,  15  feet, 
all  in  clear:  materials  of  construction — iron,  brick,  granite, 
and  wood.  The  numbered  articles  in  the  room  were: 
binnacle  with  appliances  for  compensating  compasses; 
hand  dynamo  machine;  case  for  instruments  and  mag- 
netic records;  globe  to  illustrate  magnetic  theories  of  the 
Earth;  U.  S.  monitor  compass;  case  for  instruments  and 
blanks;  Fox  Dip  Circle  on  gimbal  table;  types  of  U.  S. 
Navy  compasses;  compass-testing  instrument;  charitable 
— magnetic  charts;   and  standard  alidade. 

As  already  stated,  the  Earth's  magnetic  field  converts 
every  piece  of  iron  into  a  magnet — the  opposite  polarities 
being  separated  by  a  neutral  line ;  the  direction  of  this 
line  in  the  iron  will  generally  be  at  right  angles  to  the  line 
of  Dip  at  the  place ;  theoretically,  it  should  be  so  exactly, 
but  sometimes  circumstances  intervene  to  prevent  it. 
The  Line  of  Dip,  then,  being  a  fixed  direction  in  space,  if 
the  iron  be  turned  about,  the  neutral  line  will  occupy 
different  positions  in  the  iron — each  indicative  of  the  direc- 
tion t)f  the  iron  with  reference  to  the  line  of  Dip. 

Plate  R  exhibits  the  results  of  experiments  made  to 
show  the  distinctive  magnetic  features  an  iron  vessel 
acquires  by  being  built  on  a  particular  heading. 

For  these  experiments  two  rectangular  wrought-iron 
plates  were  provided :  each  was  5  feet  long,  2  feet  6  inches 
wide,  and  \  inch  thick;  both  were  devoid  of  perma'nent 
magnetism ;  wooden  boards  of  like  size  were  also  prepared. 
A  framework  of  shelves  was  made,  so  that  a  compass  could 
be  supported  at  different  heights  and  at  intervals  along 
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I  each  height^a  kind  of  aerial  dry-dock — for  making  a 
\  magnetic  survey  of  the  Scoresby.  The  vessel  was  suc- 
cessively swung  into  the  magnetic  headings  South,  North, 
Northwest,  and  Southwest,  and  blocked  on  each  while  the 
obser\'ations  were  made:  first,  the  wooden  boards  were 
attached  to  the  vessel's  sides  in  a  vertical  position,  and 
thirty  observ-ations  made  on  each  side  with  a  compass 
at  the  regular  intervals  indicated  by  the  deflections  re- 
corded on  each  figure  of  Plate  li ;  the  magnetic  effect  of  the 
room  alone  for  each  of  the  above  headings  of  the  Scoresby 
was  thus  obtained ;  second,  the  iron  plates  were  then 
attached  in  precisely  the  same  way  that  the  boards  had 
been,  and.  after  resting  several  days  on  each  of  the  same 
magnetic  headings  as  before  (during  which  time  the  plates 
were  frequently  tapped  all  over  with  a  wooden  mallet) 
the  observations  of  deflection  were  repeated  on  each  head- 
ing at  the  same  stations.  The  distance  of  the  compass 
from  the  boards  and  plates  was  in  all  cases  thirteen  and  one 
half  inches. 

A  comparison  of  the  deflections  when  the  boards  were 
attached  with  those  when  the  plates  were  substituted, 
gave  the  magnetic  condition  of  the  plates  alone— just  as 
a  comparison  of  the  obser\'ations  of  a  drj'-dock,  with 
and  without  a  ship  in  it,  gives  the  effect  of  the  latter. 

Using  colors  to  represent  polarity,  let  blue  stand  for 
that  which  will  attract  the  north  point  of  a  compass-card, 
and  red  for  that  which  wiU  repel  it:  then  in  north  mag- 
netic latitude  an  iron  ship  built  head  south  should  have 
blue  polarity  per\'ading  the  upper  forward  body  of  the 
bull,  and  red  polarity  the  lower  after  body,  the  neutral 
line  extending  diagonally  from  rail  aft  to  keel  forward,  and 
making  with  the  horizontal  an  angle  equal  to  the  comple- 
ment of  the  Dip  at  the  place  where  the  ship  was  built; 
any  inclination  of  the  keel  to  the  horizontal  while  building 
will  produce  a  Uke  change  in  the  direction  of  the  neutral  line. 
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Now  to  examine  the  results  portrayed  in  Plate  R,  in 
the  light  of  these  theoretical  considerations:  the  two  figures 
illustrating  each  experiment  represent  the  starboard  and 
port  sides  opened  out  from  aft  as  if  hinged  at  the  bow, 
so  that  an  exterior  view  of  the  whole  ship  may  be  had  at 
once.  In  Experiment  i,  the  Dip  on  the  Scoresby  was 
65° — hence  the  neutral  line  should  decline  25°  from  the 
horizontal,  and  this  is  the  inclination ;  moreover,  the  polar- 
ity is  in  conformity  to  theory. 

In  a  ship  built  head  north,  the  neutral  line  should 
extend  from  the  bow  diagonally  to  the  keel  aft,  with  the 
upper  after-body  blue,  and  the  lower  forward-body  red— 
and  Experiment  a  shows  this  to  be  the  case.  The  plates, 
however,  undoubtedly  retained  some  vestige  of  the  mag- 
netic features  acquired  in  Experiment  1 ,  to  affect  the  theo- 
retical direction  of  the  neutral  line,  for  the  inclination  is 
16°.  whereas  it  should  be  22°,  as  the  Dip  on  the  Scoresbv, 
head  north,  was  68°. 

If,  at  the  same  navy-yard,  a  series  of  iron  sliips  were 
built  with  their  heads  on  the  points  between  north  and 
west,  according  to  theory  it  would  be  found:  that  the 
neutral  line  on  each,  as  we  went  from  north  toward  west, 
was  gradually  shifted  from  a  diagonal  on  both  sides  of 
the  ship  whose  head  was  north,  to  a  line  parallel  to  the 
keel  on  the  ship  whose  head  was  west ;  and  that  the  area 
covered  by  each  polarity  on  both  sides  would  undergo  a 
corresponding  contraction  or  expansion,  until,  in  the  case 
of  the  ship  head  west,  we  would  find,  either  that  all  of  the 
starboard  side  had  red  polarity  and  all  of  the  port  side  blue, 
or,  if  both  polarities  existed  in  each  side,  they  would  appear 
only  as  a  narrow  bant!  of  blue  beneath  the  rail  on  the  star- 
board side  with  all  below  red,  while  on  the  port  side  there 
would  be  a  narrow  band  of  red  just  abo\'e  the  keel  with. 
al!  else  blue.  And  the  tendency  to  this  state  is  evident  in 
Experiment  3.     An  entirely  similar  tendency  is  apparent 


PROOF  OF  THE  SHIP   BEING  A    MAGNET.  ?2g 

in  Experiment  4,  only,  that  while  Experiment  3  indicates 

traces  of  its  northerly  origin  in  the  changing  direction  of 
the  neutral  line.  Experiment  4  equally  shows  its  southern 
relationship — both  as  theory  requires. 

From  these  experiments  it  is  fair  to  infer  that  ships 
built  in  the  eastern  semicircle  would  equally  exhibit  fea- 
tures indicative  of  the  particular  azimuth  of  their  heads 
while  building. 

As  to  the  direction  most  favorable  for  making  a  mag- 
netic survey,  a  few  remarks,  based  upon  theoretical  con- 
siderations, which  have  been  borne  out  by  personal  experi- 
ence, will  be  ofTered. 

The  inductive  action  nf  the  Earth  will  variously  alter 
the  permanent  magnetism  of  the  hull  according  to  the 
azimuth  in  which  the  ship  is  surveyed,  but  to  some  extent 
in  ail  azimuths ;  so  that  it  is  never  the  permanent  el?ect  of 
the  magnetism  of  the  hull  we  obtain,  but  this,  somewhat 
modified  by  the  transient  magnetism  due  to  the  particular 
azimuth  of  the  head  during  survey. 

The  best  results  will  be  obtained  with  a  ship  lying  north 
and  south,  because  the  disturbing  force  of  the  hull  then 
acts  at  right  angles  to  the  deflected  needle  and  small 
changes  are  accurately  measured. 

The  value  of  direction  of  ship's  head  steadily  decreases 
xintil  we  reach  east  or  west,  which  is  not  only  the  worst, 
but  one  in  which  it  is  all  but  impossible  to  deduce  any 
decided  results,  on  account  of  the  disturbing  force  acting 
in  the  prolongation  of  the  needle. 

Experiments  were  made  with  the  Scoresby  heading 
both  west  and  east  as  follows :  after  completing  Experi- 
ment 2,  the  vessel  was  swung  to  head  west  and  remained 
so  seven  days,  the  iron  plates  being  hammered  at  intervals 
during  this  period;  the  survey  was  then  made,  but  no 
decided  characteristics  appeared — the  two  polarities  were 
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irregularly  commingled  and  the  deflections  small  on  both 
plates. 

A  month  later  the  experiment  was  repeated,  with  a 
similar  result.  Then  the  plates  were  taken  off  and  placed 
in  a  north  and  south  direction,  where  they  remained  with- 
out being  hammered  at  all  for  two  months. 

Then  the  Scoresby  was  turned  to  head  east,  and  the 
injn  plates  attached  to  her  sides  as  in  former  experiments: 
for  six  da)'s  they  were  repeatedly  tapped  all  over  with 
the  wooden  mallet,  the  vessel  all  the  time  heading  east; 
the  sun-ey  was  then  made,  and  disclosed  approximately 
what  theor>-  required— red  polarity  on  the  port  side,  and 
blue  on  the  starboard;  only  a  very  small  strip  of  blue 
just  below  the  rail  forward  on  the  port  side,  and  a  small 
area  of  red  on  the  starboard  side,  aft,  abox-e  the  keel. 
bn.>ke  the  continuity  of  color  on  each  side;  and  in  these 
i>»ntnicteU  areas  the  deflections,  though  few  in  munber, 
wvre  comparatively  large  in  amoimt.  whereas  over  the 
large  Wue  urea  of  the  starboard,  and  the  like  large  extent 
of  r«l  on  the  port  side,  where  the  deflections  were  large  in 
number,  the  amoimt  in  each  case  was  ver\-  smalL  The 
frK^vrimcnt  i\'as  sufficiently  decided  to  establish  the  fea- 
UnViS  v^  a  sliip  built  head  east,  and  these  were  in  accord 
with  thc^>ry. 

»6i.  The  means  of  ascertaining  the  magnetic  character 
i)(  ft  ahlp. — Tlie  magnetic  character  of  a  ship  may  be  inves- 
lijjiit^H.!  by  swinging  for  denations^by  intensity  experi- 
uKiiis  with  twcillating  needles^and  by  deflection  obser- 
\,i;n.'ns  along  her  sides;  but  each  gives  only  a  partial 
*t).-JKht  -a  prafUe.  plan,  or  sectional  \iew,  <xs  it  were,  of 
i  Ik  ^\>jn,lilk>«  of  affairs;  it  requires  all  combined  to  afford 
tlvAi  t*~»wv  in  peispectiv-e  that  presents  the  matter  com- 

lulvwuty  experiments  should  be  made  throughout  the 
i^^*tu  "■*(  yi>t  compass-site,  and  they  will  be  described  in 
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the  next  chapter;  swinging  for  deviations  belongs  to  Part  \ 
Fifth  and  will  be  treated  there.  The  dock  survey  will  I 
now  be  explained. 

The  meaning  attached  to  nor^,  south,  red,  and  blue, ' 
in  Arts.  93  and  172,  and  in  the  preceding  chapter — as 
representing  polarity — holds  equally  here  and  throughout 
this  Treatise. 

The  steps  of  a  dry-dock  afford  stations  for  making 
the  observations;  the  vertical  height  of  each  step  above 
the  keel,  intervals  along  its  length,  and  horizontal  dis- 
tances from  the  ship's  side  constitute  the  coordinates  for 
plotting  the  \-alues  observed:  by  Fig.  430,  however,  it  ' 
mil  be  seen  that  all  parts  of  the  hull  are  not  equally  dis- 
tant from  the  steps,  so  that  this  variability  of  the  third 
coordinate  precludes  a  very  accurate  comparison  of  the 
intensity  of  the  magnetism  at  different  points;  but  it  is 
its  distribution  that  is  sought  by  this  enquiry — qualita- 
tive, rather  than  quantitative,  results;  and  for  them  the 
method  is  entirely  satisfactory  and  appropriate:  even 
more,  if  we  are  sure  that  the  action  on  the  A'-point  of  the 
compass  at  any  station  is  attractive,  or  repulsive,  it  mat- 
ters little  whether  the  deflection  be  a  degree  or  two  more 
or  kss,  the  fact  that  it  is  attractive  or  repulsive  decides 
the  kind  of  polarity,  and  that  is  mainly  the  point  we  are 
in  quest  of. 

As  the  compass  is  placed  at  different  points  along  each 
step,  it  indicates  the  balance  of  power  between  Ship  and 
Earth;  the  relative  positions  of  the  poles  of  both  and  their 
effect  vary  with  time  and  place,  and  hence — as  dependent 
upon  their  resultant  —  the  indicated  magnetic  character 
of  the  ship  varies  also:  for  instance,  if  built  head  north, 
the  ship  will  exert  her  strength  to  most  advantage  if  sur- 
veyed with  her  head  in  that  direction;  but  if  surveyed 
head  south,  the  Earth's  inductive  effort  tends  to  weaken 
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the  ship's  red  polarity  and  strengthen  the  blue;  this,  in 
north  magnetic  latitude,  and  the  converse  in  south. 

The  conditions  under  which  a  survey  may  be  made 
are  so  many  that  slightly  different  magnetic  features  may 
be  expected  as  a  result  of  cach^not  the  set  expression 
for  all  that  would  denote  a  rigid  impress, 

262.  Magnetic  survey  of  the  U.  S.  Battleship  Oregon. — 
In  order  to  illustrate  the  details  of  a  survey,  that  of  the 
Oregon  will  be  selected:  it  was  made  in  April,  1897,  by 
the  navigator,  soon  after  the  ship  was  finished  and  com- 
missioned,  and  while   she  was   in  dry-dock  at  the   U.   S. 


U.  S.  Battleship  Orhcon. 

Naval  Station,  Puget  Sound,  in  the  State  of  Washington. 
The  height  of  each  step  of  the  dock  was  33  inches;  the 
distance  between  the  observation  stations  along  the  steps, 
35  feet;  and  the  number  of  steps  used,  14:  this  gave  210 
obser\'ations  of  deflection  on  each  side  of  the  ship — a 
very  thorough  portrayal  of  her  magnetic  condition. 

Observations  were  made  at  the  same  points  when  the 
dock  was  empty  as  well  as  when  the  ship  was  in  it,  and 
t)ie  effect  of  local  masses  of  iron  in  the  dock  construction 
thus  determined;    and  it  will  be  observed  by  Table  53 
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Table  52. — Continued. 


Step  H\  66  Inchbs  abovs  Stbp  F. 


Port  Sidb. 

Starboard  Sidb. 

No. 

Dis- 
tance. 

bet. 

Sto- 
tions. 

Feet. 

Compass  Readings. 

Deflec- 
tions: 
Differ- 
ence 
bet. 
Cols.  3 
and  4. 

(5) 

14*  >l 

8   R 
ao   R 
19   R 

15  R 

No. 
of 

Sta- 
tion. 

Dis- 
tance 

bet. 

Sta- 
tions. 

Feet. 

Compass  Readings. 

Deflec- 
tions: 
Differ- 

of 
Sta- 
tion. 

Dock 
Empty. 

Ship  in 
Dock. 

Dock 
Empty. 

Ship  in 
Dock. 

ence 

bet. 

Cols.  3 

iBoid  4> 

(i) 

(i) 

(3) 

(4) 

(I) 

(a) 

(3) 

(4) 

(S) 

\ 
I  a 
i6 
ao 

24 

a8 

so 
SO 
SO 
SO 
SO 
SO 
SO 

N.  3a*W. 
N.3a   W. 
N.  i8    W. 
N.  31    W. 
N.  aa    W. 
N.  30    W. 
N.  18   W. 

N.  46*  W. 
N.  a8    W. 
N.  10    W. 
N.  11    W. 
N.    3   W. 
N.  13   W. 
N.    3   W. 

3 

7 

II 

15 
19 
23 
27 

50 
50 
50 
50 
SO 
50 
50 

N.  37**W. 
N.  IS   W. 
N.  31    W. 
N.  ao   W. 
N.  89  W. 
N.  ao   W. 
N.  18  W. 

N.  ia*W. 
N.  IS   W. 
N.4S   W. 
N.41  w. 

N.4a   W. 
N.39  w. 
N.  30  W. 

as*  A 
0 

ai    R 

19  R 
la   R 

1 

Step  /:  66  Inches  above  Step  //. 
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SO 

N.  a7*W. 

N.44*»W. 

17*  A 

3 

50 

N.  39*  W. 

N.    9*W. 

30*  A 

8 

SO 

N.32  w. 

N   3S    W. 

3   A 

7 

so 

N.  14  W. 

N.    9  W. 

S    .4 

X  a 

SO 

N.  ai    W. 

N.  a?    W. 

3   A 

11 

SO 

N.  89   W. 

N.  as   W. 

4    A 

16 

SO 

N.  28   W 

N.  a8   W 

0 

15 

50 

N.  18  W. 

N.  39  W. 

11    /« 

ao 

SO 

N.  34   W. 

N.  18   W 

6    R 

19 

50 

N   ao   W. 

N.  a8  W. 

8   R 

34 

SO 

N.  a8   W. 

N.  18   W 

10   R 

23 

SO 

N.  ao  W. 

N.  30   W. 

10   /? 

38 

SO 

N.  16   W. 

N.    6   W. 

10   R 

a? 

50 

N.  ao   W. 

N.  a8  W. 

8   /{ 

Step  L:  66  Inches  above  Step  J. 
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II 
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16 
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IS 
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N.  19   W 
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a   A 
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0 
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N.  aa    W. 

a    /{ 

aH 
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N.    8    W. 

6    R 
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7   R 

Step  iV:  66  Inches  above  Step  L. 
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how  necessary  this  was:  for  whereas  the  magnetic  direc- 
tion of  the  steps  was  N.  23°  34'  W..  individual  points  of 
different  steps,  according  to  col.  (3),  varied  extremely  and 
irregularly  from  this  direction. 

To  plot  the  entire  number  of  observations  would  so 
encumber  the  diagram  as  to  destroy  its  clearness;  there- 
fore, both  in  Fig.  431  and  Table  52,  only  alternate  steps, 
and  alternate  stations  on  these,  are  given;  "but  with  the 


Fig.  431. 


letters  and  numbers  (for  each)  of  the  original  sur\-ey;  it 
is  almost  needless  to  say  that  the  outline  of  the  plan  and 
sides  of  the  Oregon  are  not  strictly  those  of  the  ship  her- 
self— they  suifice  for  illustrative  purposes,  however. 

The  general  procedure  of  a  survey  is  this:  let  Fig.  432 


2 

J 


represent  a  plan,  and  Fig.  433  a  section  of  a  vessel  and 
dock.  The  direction  of  the  magnetic  meridian  is  first 
determined;  or  rather — what  we  really  wish  to  know — 
the  angle  that  the  keel  of  the  ship,  and  consequently  the 
direction  of  the  steps  (as  the  keel  may  practically  be  con- 
sidered parallel  to  them),  makes  with  the  meridian.  Several 
methods  are  available  for  this,  but  the  following  is  simple 
and  will  suffice:  in  Fig.  432  find  a  line  XY,  from  the  ex- 
tremities of  which  reciprocal  bearings  differ  exactly  180°; 
measure  this  line,  note  its  magnetic  bearing,  and  measure 
the  angles  0,  0',  and  9  and  d'  to  any  points  in  the  midship 
line  of  the  vessel;  from  these  data  the  required  magnetic 
direction  of  the  keel  may  be  found  either  by  computation 
or  construction. 
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On  each  of  the  steps  .4,  B.  C measure  distances 

of  20  to  25  feet,  and  mark  the  points  with  chalk— odd 
numbers  on  the  starboard  side,  even  on  the  port,  and 
the  same  letters  on  both  sides.  Carry  a  compass  in  its 
box  successively  to  each  numbered  station ;  place  the  box 
with  its  side  parallel  to  the  edge  of  the  step,  as  at  .4,  and 
B„  in  both  figures,  with  the  keel-line  of  the  compass  in 
the  direction  of  the  bow,  and  when  the  card  has  come  to 
rest,  observe  and  record  the  degree-mark  that  is  in  coin- 
cidence with  the  keel-line. 

A  comparison  of  the  observations  with  the  magnetic 
direction  of  the  steps  will  give  the  deflections  of  the  com- 
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pass  caused  by  the  ship  (prox-ided  no  iron  exist  in  the  dock 
construction) — those  in  one  direction  denoting  red  polarity, 
and  those  in  the  other,  blue:  these  results  are  to  be  rep- 
resented on  side  views  of  the  ship. 

When  the  dock  is  clear,  observations  are  to  be  taken 
at  each  numbered  station  to  determine  the  effect  of  any 
iron  that  may  lie  hidden  in  its  construction;  then  a  com- 
parison of  the  two  series  —  with  and  without  the  ship — 
gives  the  effect  of  the  latter. 

When  the  foregoing  observations  of  deflection  are  sup- 
plemented by  others  with  oscillating  needles,  it  is  evident 
that  we  have  explored  the  ship  magnetically  in  precisely 
the  same  way  that  both  a  bar-magnet  and  the  Earth  are,  ■ 
as  described  in  Vol.  1,  ] 

The  Oregon  is  a  battleship  of  the  first  class,  348  feet  I 
long,  69  feet  beam,  24  feet  draught,  and  of  lo.aoo  tons  dis- 
placement:   she   has  a  very  thick   armor   belt  along  the 
water-line  for  about  two  thirds  of  the  length. 

The  main  battery  consists  of  four  13-inch  guns  and 
eight  8-inch  guns — all  in  turrets,  and  four  6-inch  guns  in 
broadside;  a  secondary  battery  of  twenty -eight  guns  is 
variously  disposed. 

Evidently,  in  this  huge  and  complicated  structure 
every  kind  and  grade  of  iron  and  steel  exist. 

She  was  built  at  the  Union  Iron  Works,  San  Francisco, 
California,  with  head  S.  23°  E.  magnetic;  and  after  launch- 
ing, was  finished  with  the  head  in  the  same  direction:  so 
that  the  whole  amount  of  hammering  during  construction 
was  to  impress  upon  her — iitdelibly,  if  such  were  ever  pos- 
sible— the  characteristic  features  of  a  ship  built  head 
toward  the  southward. 

Now,  to  compare  the  real  with  the  ideal:  in  Fig.  431 
the  sides  are  represented  opened  out  from  the  keel,  as  if 
hinged  at  the  rail,  to  exhibit  the  exterior  of  the  hull  at 
one  view;    and  it  is  seen  that  the  neutral  line  extends 
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diagonally  from  the  keel  at  the  bow  to  the  rail  near  the 
stem,  that  the  whole  upper  forward-body  is  of  blue  polarity, 
and  the  entire  lower  after-body  of  red — -all  in  strict  con- 
formity to  theory  and  its  illustrative  experiment,  number 
I  in  Plate  R. 

The  two  conditions  under  which  the  theory  is  thus 
tested,  could  not  be  more  dissimilar — the  simple  iron 
plates  of  the  miniature  Scoresby,  and  the  complicated 
entanglement  of  varied  kinds  of  steel  in  the  huge  Oregon — 
!ind  yet  the  identity  of  magnetic  features  in  both  (head 
toward  the  southward)  could  not  be  more  complete. 
Again :  that  these  features  are  mobile  in  the  soft  iron  of  the 
Scoresby  is  shown  by  the  fact  that  when  swung  to  head 
north,  as  in  Experiment  2,  Plate  R,  and  the  sides  lightly 
tapped  all  over,  they  assumed  qmte  another  aspect — in 
fact,  the  very  opposite  of  what  they  had  with  head  south ; 
hut  that  the  Oregon  has  the  rigidity  of  a  steel  magnet  is 
shown  by  the  survey  in  the  diametrically  opposite  direc- 
tion to  that  in  which  she  was  built — -it  made  no  percepti- 
ble change  in  her  magnetic  character. 

Fig.  431  is  the  pictorial  representation  of  Table  52. 
and  each  is  self-explanatory.  One  point,  however,  should 
be  noticed:  the  deflections  in  col.  (5)  are,  as  a  rule,  dif- 
ferential— that  is,  the  compass-card  is  generally  deflected 
in  the  same  direction  both  with  the  dock  empty  and  with 
the  ship  in  it,  but  by  different  amounts,  and  it  is  this 
difference  that  indicates  the  polarity,  by  being  either 
attractive  or  repulsive  ZL'ith  the  ship  in  Jock. 

263.  Characteristics  disclosed  hy  magnetic  surveys  in 
general.— It  would  be  tedious  to  give  the  individual  sur- 
veys of  many  ships — better  state  some  of  the  facts  they 
establish  by  their  number  and  variety. 

During  the  first  passage  after  completion,  much  loose 
magnetism  is  shaken  out  of  every  ship ;  it  is  the  surcharge 
found  m  all  magnets,  even  hard-tempered  compass-needles. 
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Indirectly,  it  is  a  source  of  great  danger ;  for,  when  taken 
into  account,  as  it  must  be  in  the  first  compensation  of 
compasses,  its  counteracting  means — the  magnets — remain 
placed  as  at  first,  while  the  necessity  for  them  has  in  part 
disappeared:  the  compasses  are  now  ot'er-compensated. 
and  often  by  considerable  amounts — they  are  forced  into 
error— to  indicate  courses  that  are  neither  known  nor 
intended. 

But  this  surcharge  once  gone,  the  real,  enduring,  mag- 
netic character  of  the  ship  appears,  and  is  generally  that 
which  theory  assigns  to  it. 

The  distinctive  impress  of  this  character  is  derived 
from  the  direction  of  the  skip's  Itead  while  building;  and 
a  typical  curve  of  deviations  results  from  each  particular 
direction,  so  that,  given  either — direction  of  head,  or 
curve — ^the  other  may  be  inferred. 

Many  things  occur  to  a  ship  to  affect  her  magnetism: 
extensive  repairs  that  necessitate  much  hammering ;  firing 
the  battery;  stranding;  violent  concussions  of  any  kind; 
steering  the  same  average  course  for  several  days;  lying 
in  one  direction  for  some  time,  as  at  a  wharf,  in  dry-dock, 
or  at  anchor;  great  change  of  geographical  position — all 
these,  in  varied  degree  according  to  the  quality  of  iron  in 
the  structure,  modify  the  characteristic  magnetic  features 
of  a  ship  which  are  then  reflected  anew,  as  in  a  mirror, 
by  a  dock  survey  or  curves  of  deviation ;  these  faithfully 
exhibit  every  change  that  occurs. 

In  some  ships  the  magnetic  character  is  so  clear-cut 
and  steadfast  as  to  be  but  shghtly  varied  by  ordinary 
influences — such  a  one  may  go  from  New  York  to  Monte- 
video and  show  but  small  changes  in  her  deviations — the 
mild  field  of  the  Earth  affects  her  scarcely  more  than  it 
would  the  hard  steel  of  a  bar-magnet:  again,  other  ships 
are  so  plastic  that  they  take  every  fleeting  impress — it 
requires  only  a  week's  heading  on  a  single  course  to  modify 
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their  features  so  much  that  only  a  few  traces  of  the  original 
lines  remain — the  deviations  of  such  ships  would,  in  con- 
sequence, change  so  much  as  to  be  positively  dangerous. 

The  magnetic  character  of  any  ship — its  exact  degree 
of  rigidity  or  pliability — can  become  known  only  by  fre- 
quent swingings  for  deviations:  hence  the  necessity  for 
partial  ones — the  daily  azimuths  on  several  of  the  courses 
that  may  be  used,  especially  in  the  vicinity  of  land — 
they  are  an  absolute  essential  to  safety,  and  cannot  be  too 
positively  insisted  upon. 

That  the  ship  is  a  magnet,  one  need  but  point  to  the 
Oregon  for  ocular  proof — there  are  the  two  regions  of 
opposite  polarity,  separated  by  a  neutral  line :  and  as  the 
Oregon  is,  so  is  every  iron  and  steel  ship — only  that  the 
relative  location  of  the  poles  and  neutral  line  will  be  dif- 
ferent according  to  the  magnetic  azimuth  and  hemisphere 
in  which  she  was  built. 
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264.  CoDditions  midst  which  a  compass  is  placed  on  a 
ijhip. — WTicn  two  magnets  as  unequal  in  size  as  a  steel  ship 
a  nil  a  compass-needle  arc  brought  together,  it  is  evident 
thftt  the  one  may  ever  lead  the  other  captive;  and  yet  it 
i<it  the  pigmy  that  miist  guide  the  giant:  in  order  to  do 
so,  however,  it  must  have  by  \'antage  of  position  what  it 
ticks  in  strength.  The  compass  may  occupy  every  degree 
of  magnetic  surroundings  in  a  ship — from  one  in  which  it 
i^  i-ompletely  dominated,  to  one  in  which  it  retains  much 
ftfCvlom  to  point  to  the  Earth's  magnetic  pole:  it  cannot 
wh^^lly  escape  the  influence  of  the  two  grand  areas  of 
v^tixwitc  jxilftrity  existent  in  the  hull  of  the  ship,  but  neither 
ittftxt  it  be  placed  within  the  grip  of  their  greatest  intensity; 
mxr  siibjfct  to  any  one  of  a  hundred  small  but  concentrated 
fcici  i4  magnetism  in  individual  masses  of  iron  in  the  struc- 

TV*  discover  these  pitfalls,  large  and  small,  to  place  the 
^^\it^{«!u  where  \-icious  influences  will  affect  it  least,  and 
^^^  vK'U'rmine  the  kind  and  degree  of  those  it  must  unavoid- 
jL^vt>'  hrtW.  is  the  object  of  e.xaniining  magnetically  all 
Ly«itl4i-  sites  for  it. 

\  mV  scope  is  allowed  (or  locating  the  steering  com- 
Mi^  (h«  position  of  the  pilot-house  or  conning-tower  de- 
^y^  |tw>  f»tc  of  that;  but  it  is  far  otherwise  with  the 
ynwAUvt  C>n^l>»ss.  Two  requisites  should  govern  in  its 
w-jaj^t^-    firet,   that  it  be  the  best — magnetically — that 
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the  ship  affords;  and  second,  that  it  command  the  largest 
possible  view  of  the  horizon  for  taking  bearings. 

Consider  the  case  of  the  Oregon,  as  probably  realizing 
the  fulfillment  of  these  conditions  as  much  as  circumstances 
would  admit:  the  standard  compass  is  not  far  from  the 
neutral  line,  where  the  two  large  areas  of  opposite  polarity 
affect  it  least;  it  is  well  removed  both  horizontally  and 
vertically  from  the  magnetic  poles  of  the  ship^influenced 
only  by  the  diffuse  and  weakened  portions  of  their  fields; 
it  is  elevated  on  a  framework  which  commands  much  of 
the  horizon ;  and  is  beyond  the  grasp  of  concentrated  poles 
of  smoke-stacks,  masts,  turrets,  guns,  boat-cranes,  and 
other  masses. 

The  steering  compass,  on  the  other  hand,  is  less  favor- 
ably placed :  it  is  within  easy  reach  of  the  blue  pole  of  the 
ship,  whose  every  roll  and  pitch  send  out  ether  waves  to 
beat  upon  the  compass,  and,  if  synchronous  with  its  period, 
become  as  timed  impulses  to  a  swing — setting  up  violent 
motion. 

The  futility  of  trying  to  shut  out  the  injurious  effects 
of  a  ship  by  iron  barriers  is  so  well  known  that  it  need  not 
be  dilated  upon ;  all  such  devices  equally  screen  the  com- 
pass from  the  beneficent  influence  of  the  Earth — strip  it 
of  directive  power:  the  matter  is  explained  in  Art.  173 
and  in  other  parts  of  this  Treatise, 

Wood  is  the  best  material  for  the  immediate  surround- 
ings of  a  compass;  but  if  metal  must  be  used,  as  for  stan- 
chions, railings,  ventilators,  etc..  then  every  such  article 
within  25  feet  should  be  of  copper,  or  brass,  or, manganese- 
steel,  as  it  is  said  that  this  is  non-magnetic. 

It  would  be  well,  too,  if  pilot-houses  and  conning-towers 
could  be  made  of  metals  that  did  not  destroy  so  much  of 
the  usefulness  of  the  steering  compass. 

365.  The  time  and  mode  of  ezamiiiiDg  a  compass  site. — 
When  the  magnetic  character  of  a  ship  lias  been  ascer- 
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tained  by  survey,  aiid  while  she  is  still  in  dock,  is  the  time  to 
make  obsen,'ations  for  the  installation  of  the  compasses, 
and  for  determining  their  magnetic  environment :  the  ship 
is  then  perfectly  steady,  and  the  oscillations  and  deflections 
of  delicate  needles  can  be  observed  with  accuracy,  which 
is  not  the  case  when  riding  at  anchor — however  quietly, 
or  lying  alongside  a  wharf — however  smooth  the  water. 
But  observations  under  these  latter  circumstances  are  not 
to  be  contemned;  the  conditions  are  often  favorable 
enough  to  afford  results  worthy  of  qualified  confidence 
when  an  opportunity  to  obtain  better  cannot  be  had. 
The  horizontally  mounted  needle  furnished  ships  will 
suffice  for  observations  of  deflection  and  of  horizontal 
intensity,  and  a  small  dip  circle,  those  of  dip  and  vertical 
intensity. 

Observations  should  be  made  with  these  instruments 
as  nearly  as  possible  in  the  exact  place  the  compass-card 
will  occupy,  and  also  at  points  in  the  same  horizontal 
plane  about  3  feet  and  6  feet  respectively,  both  forward 
and  abaft  the  compass,  and  to  starboard  and  port  of  it; 
identical  observations  are  to  be  made  in  a  parallel  hori- 
zontal plane  about  2  feet  below,  and  a  similar  set  in  a  plane 
2  feet  above,  that  of  the  compass-card,  and  at  points  cor- 
responding to  those  in  the  middle  plane:  from  all  these 
the  magnetic  field  around  the  compass  can  be  mapped 
out,  and  its  varying  intensity  seen  at  a  glance.  The  same 
should  be  done  for  the  steering  compass. 

It  will  be  found  convenient  to  have  an  open  frame- 
work made,  with  a  movable  shelf,  for  supportmg  the  in- 
struments ;  the  frame  can  be  easily  moved  to  the  required 
distances  around  the  compass,  and  the  shelf  placed  suc- 
cessively in  the  three  planes  of  obser\-ation. 

At  each  point,  the  frame  should  be  carefully  aligned 
to  the  direction  of  the  keel,  whose  magnetic  direction  hav- 
ing been  previously  determined,  then  gives  that  of  the 
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edge  of  the  frame  and  its  shelf:  when  the  side  of  the  box 
containing  the  horizontal  needle  is  aligned  with  the  edge 
of  the  shelf,  the  deflection  of  the  needle  from  the  magnetic 
meridian  becomes  known,  that  is,  the  deviation  at  that 
point;  a  long  ruler  attached  to  the  side  of  the  box  will 
conduce  to  accuracy  of  alignment. 

266.  EzplorlDg  the  magnetic  field  around  the  compass. 
— The  observations  to  be  taken  at  each  pomt  are:  iitsl.  the 
deviation ;  second,  the  time  in  which  the  horizontal  needle 
makes  ten  (10)  oscillations  (and  in  this  connection  see 
Art.  2.10,  and  Tables  36  and  .^7):  third,  the  Dip — that  is, 
the  maximum  angle  the  direction  the  dipping  needle  will 
make  with  the  horizontal  plane,  noting  at  the  same  time 
whether  the  needle  swings  in  the  vertical  plane  through 
the  magnetic  meridian  or  outside  it,  and  if  the  lattei,  by 
what  angle  (to  be  read  on  the  honzontal  graduation  of 
the  dip  circle) :  and  fourth,  the  time  m  which  the  dipping 
needle  makes  ten  (10)  oscillations  through  a  modeiately 
small  arc  in  the  vertical  plane  at  right  angles  to  the  one 
in  which  the  angle  of  dip  was  observed — said  plane  to 
be  found  by  turning  the  dip  circle  thro'igh  90°  of  the  hoi'- 
zontal  circle  from  the  position  it  occupied  when  indicating 
the  dip. 

The  observations  for  dip,  and  for  horizontal  and  vertical 
intensity,  are  to  be  repeated  on  shore  in  a  spot  entirely 
free  from  magnetic  masses:  such  a  spot  can  be  found  by 
taking  two  sets  of  reciprocal  bearings  on  lines  at  nght 
angles  to  each  other  with  an  azimuth  circle  and  yi-inch 
compass;  and  if  the  Imes  are  about  100  feet  long,  it  should 
not  suffice  to  take  the  reciprocal  bearings  at  their  extremi- 
ties alone,  but  also  at  every  20  feet  of  their  length.  The 
Variation  should  be  determined  in  this  spot  by  a  Time- 
azimuth  of  the  Sun;  and  the  magnetic  heading  of  the 
ship  might  be  determined  by  a  like  observation  on  board. 

The  theory  upon  which  the  oscillations  of  a  needle 
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indicate  the  intensity  of  a  magnetic  force  is  explained  in 
Parts  First  and  Second.  In  the  case  under  consideration, 
it  is  not  the  absolute  force  of  either  Ship  or  Earth  that  is 
required,  but  the  relative  value  of  the  former  to  the  latter; 
therefore  it  is  optional  to  assign  any  standard  for  the  Earth ; 
it  is  customary  to  call  it  unity.  The  magnetic  forces  aboard 
and  ashore  being  to  each  other  as  the  inverse  squares  of 
the  periods  of  oscillation  of  the  same  needle  in  both  places, 
we  then  obtain  that  of  the  ship  in  terms  of  the  Earth's 
by  assuming  the  latter  unity,  and  making  the  proportion 
between  the  periods  of  oscillation  on  ship  and  shore  for 
the  horizontal  needle,  and  also  for  the  vertical  needle.  A 
comparison  of  all  the  ship's  observations  with  those  ashore 
will  give  the  values  of  the  Deviation,  Dip,  Horizontal  and 
Vertical  Forces  of  the  Ship  for  the  particular  heading  she 
.had  in  dock ;  in  the  same  locality,  these  will  vary  with  every 
new  heading;  and  it  would  afford  a  better  knowledge  of 
the  matter  if  all  the  obser\-ations  could  be  repeated  with 
the  ship  in  the  diametrically  opposite  direction — that  is, 
docked  stem  first,  instead  of  head  first  in  the  same  place. 
Indeed,  like  swinging  for  deviations,  the  more  points  upon 
which  the  observations  are  made,  the  fuller  the  informa- 
tion afforded;  but,  for  large  ships,  to  make  it  on  even  the 
cardinal  points  would  involve  so  much  labor  and  variety 
of  docking  opportunities,  that  it  seems  almost  hopeless  to 
ever  attain  such  completeness.  The  partial  examination 
on  one  heading,  however,  reveals  the  fact  whether  it  is  the 
lai^  magnetic  field  of  the  hull  alone  we  have  to  deal  with, 
or  the  concentrated  but  often  powerful  pole  of  some  indi- 
vidual mass  of  iron. 

Other  information,  also,  is  derived  from  observations 
on  one  heading:  ist,  if  begun  while  the  shipisonthe  stocks 
and  continued  at  inter\'als  until  completed,  they  exhibit 
the  gradual  forming  of  her  magnetic  character  and  its 
variations;    2d,  if  conducted  in  different  parts  of  the  ship 
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while  in  dry-dock,  they  indicate  which  is  the  best  mag- 
netic place  for  the  compasses;  3d.  when  made  on  the  site 
of  the  standard  compass,  they  alTord  the  means  of  obtain- 
ing a  Table  of  Deviations;  and  4th,  they  enable  the  navi- 
gator to  compensate  that  compass  with  magnets. 

Results  under  the  third  and  fourth  headings  are  only 
rough  approximations ;  but  still  cases  may  arise  when  even 
such  are  useful;  they  will  be  explained  in  Part  Fourth, 
and  should  be  employed  only  when  accurate  methods  are 
unavailable;  and  ■when  used,  they  should  not  be  depended 
on  longer  than  the  first  opportunity  to  replace  them  by 
reliable  work. 

In  securing  the  binnacles  to  the  deck,  it  is  important 
that  they  be  placed  so  that  the  keel-line  of  the  compass 
shall  be  exactly  in  the  fore-and-aft  mid-ship  line:  the 
trace  of  the  central  vertical  plane  through  the  keel  is  gen- 
erally marked  by  the  Constructor  on  the  hatchways  while 
building;  if  not,  he  has  data  and  appliances  for  readily 
doing  it ;  and  with  this  to  work  from,  it  needs  only  a  theod- 
olite, or  compass,  azimuth-circle,  and  tripod,  and  the 
knowledge  possessed  by  any  officer  who  has  to  deal  with 
the  matter,  to  set  the  binnacles  properly  in  place. 

In  order,  however,  to  indicate  a  mode  of  procedure, 
the  following  is  quoted  from  an  officer  who  has  had  much 
experience  in  the  matter — Commander  Diehl,  U.  S.  Navy: 

"The  hatches  are  brought  up  from  the  keel  in  plumb 
lines  during  construction  of  the  ship;  determine  middle 
points  of  the  hatches  on  the  upper  deck,  and  place  a  vertical 
staff  on  each  point;  run  a  line  through  all  the  middle 
points ;  at  selected  positions  on  this  hne  erect  straight-edges 
perpendicular  to  the  keel,  and  by  means  of  these  place  the 
binnacles  on  the  mid-ship  line  so  that  this  shall  divide 
them  symmetrically  and  be  traced  as  a  chalk  mark  on  the 
upper  rim  or  surface  of  each  binnacle^a  guide  for  further 
work.     Level  each  binnacle  by  means  of  a  spirit-level. 
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**  Lower  the  heeling-magnet  well  down  into  its  tube, 
place  the  compass  in  the  binnacle,  and  proceed  to  center 
as  follows:  Raise  the  heeling-magnet  in  its  tube,  and  if 
any  deflection  of  the  card  results,  move  the  compass  to 
one  side  or  the  other  by  mean§  of  its  centering  screws, 
imtil  no  movement  or  deflection  of  the  card  occurs  while 
the  heeling-magnet  is  raised  and  lowered;  the  compass 
is  then  centered ;  remove  the  heeling-magnet  and  cause 
the  binnacle  to  asstmie  the  same  inclination  as  the  deck. 

**  Place  an  azimuth-circle  on  the  compass,  and  sight 
successively  on  the  straight-edges  erected  forward  and  abaft 
the  binnacle:  the  readings  should  coincide  with  the  keel- 
lines  of  the  compass,  and  should  differ  i8o°;  if  not,  the 
binnacle  should  be  moved  imtil  this  is  attained/' 


CHAPTER    XVIII. 


267.  The  magnetic  make-up  of  a  ship  analogous  to  that 
of  a  steel  bar. — A  theory  of  magnetism  was  stated  in  Arts. 
191  and  192:  briefly,  it  was,  that  a  steel  magnet  is  com- 
posed of  molecules,  either  permanently  magnetized  or 
girded  by  electric  circuits  —  either  conception  explains 
observed  facts;  that  the  alignment  of  the  molecular  axes 
develops  the  magnetic  condition,  and  their  heterogeneous 
mixture  the  neutral  state.  By  analogy  we  may  considei 
the  steel  ship  a  magnet  whose  distinctive  character  is  not 
confined  to  the  hull  alone,  but  depends  also  upon  a  thou- 
sand individual  masses  of  iron  distributed  throughout  the 
structure :  engines  —  shafts  —  smoke-stacks — turrets — con- 
ning-towers — guns — masts — hoisting  cranes — hatch  coam- 
ings—  beams — ventilators- — stanchions:  —  these,  and  in- 
numerable minor  masses,  are  so  many  separate  magnets 
whose  efforts  variously  affect  the  general  result. 

As  with  a  bundle  of  bar-magnets^when  placed  with 
like-poles  together,  they  exert  a  certain  force;  hut  if  one, 
two,  or  more  be  reversed,  the  effect  is  thereby  weakened — 
so  with  the  iron  masses  in  a  ship :  some  contribute  to  the 
prevalent  magnetism,  others  contravene  it. 

Provided  it  is  not  within  the  concentrated  field  of  one 
of  these  masses  that  we  place  the  compass,  we  may  con- 
sider their  individualities  merged  in  the  two  grand  regions 
of  magnetic  polarity  that  pervade  the  ship;    and  thus — 
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ullimately — have  only  the  poles  of  those  regions  to  deal 
with. 

268.  The  magnetic  effect  of  a  ship  replaced  by  that  of 
permanent  magnets  and  soft- iron  rods. — Consider  Fig.  434: 
the  compass  at  0  is  supposed  to  be  affected  by  the  magnet- 


FiG.  434. — The  Ship's  Magnetism  resolved  longitudinally,  transversely, 
and  vertically. 

ism  of  the  forward  part  of  the  structure  only,  whose  focus 
is  at  L,  so  that  the  line  OL  represents  the  resultant  of  all 
the  forces  that  cause  deviation. 

If  we  conceive  the  ship  divided  by  three  planes — the 
first  horizontal,  the  second  and  third  vertical,  the  former 
through  the  keel,  the  latter  transverse  to  it,  and  all  passing 
through  the  compass-pivot— we  thus  form  eight  solid  angles 


around  the  pivot;  in  any  two  of  these,  the  two  foci  of  the 
ship's  polarity  may  exist ;  though,  as  a  matter  of  fact,  they 
will  scarcely  ever  be  found  above  the  horizontal  plane :  in 
Fig.  434,  the  acting  pole  is  in  the  solid  angle  0-XYZ.  In 
any  particular  case,  the  location  becomes  definite  for  either 
reference  or  mathematical  treatment,  by  designating  direc- 
tions toward  the  bow,  to  starboard,  and  downward  as 
positive  (  +  ),  and  those  toward  the  stem,  to  port,  and 
upward  as  negative  (-),  the  compass  being  the  origin 
of  coordinates,  through  which  the  traces  OX,  OY,  and  OZ 
of  the  respective  planes  pass  as  axes.  Of  course  the  com- 
pass may  be  moved  aft  so  as  to  bring  it  within  the  influence 
of  the  other  pole  alone,  located  somewhere  in  the  after- 
body of  the  ship. 

Continuing  the  analogy  of  the  magnetic  composition 
of  a  ship  to  that  of  a  steel  bar,  in  the  latter  the  molecules 
are  presumably  iron  of  the  same  kind,  equally  hard,  and 
identically  magnetized ;  but  in  the  ship  all  grades  and  kinds 
of  the  metal  enter,  and  therefore  we  have  to  deal  with  all 
degrees  of  magnetization.  The  theory,  however,  does  not 
take  cognizance  of  such  varied  and  indeterminate  conditions ; 
it  is  based  on  but  two — that  all  the  iron  in  a  ship  is  divided 
between  the  Itwd  and  the  soft,  the  former  difficult  to  mag- 
netize, but  retentive  of  what  it  acquires;  the  latter  easy  to 
magnetize,  but  without  hold  upon  what  enters. 

Experiment— as  in  swinging  ship,  or  in  a  magnetic 
survey,  or  in  oscillating  needles  for  force — deals  directly 
with  the  iron  as  it  exists  in  the  ship,  and  therefore  dis- 
closes the  actual  state  of  the  case;  but  the  mathematical 
deductions  based  on  imagiijary  conditions  ^f or  none  of 
the  iron  of  a  ship  is  absolutely  hard  or  absolutely  soft — 
give  results  that  do  not  strictly  agree  with  experiment: 
yet  the  hypothetical  classification  so  nearly  covers  the 
actual  state,  that  no  difference  that  would  invalidate  the 
mathematical  treatment  of  the  subject  has  ever  been  found, 
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PLATE  S,— RODS  a,  d,  AND  g. 


Fig.  435- — Rod  a. 
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THEORY  OF   THE  DEVIATIONS. 

combination  of  hard-  and  soft-iron  magnets,  since  such 
is  the  composition  of  their  resultant  OL. 

To  a  degree  far  more  than  is  required  in  the  treatment 
of  compass  deviations,  steel  magnets  probably  maintain 
their  identity  in  moderately  varying  fields ;  so  that  for  the 
present  investigation  they  may  be  considered  of  constant 
strength,  whether  in  the  meridian,  or  across  it,  or  reversed 
with  respect  to  the  Earth's  poles:  therefore,  for  the  hard- 
iron  magnets  at  LX" ,  LY" ,  and  LZ",  we  may  substitute 
three  bar-magnets,  P,  Q,  and  R,  of  suitable  strength,  in  the 
coordinate  axes  X,  Y ,  Z,  and  the  effect  will  he  the  same. 
These  magnets  will  practically  be  of  the  same  strength 
in  all  azimuths  through  w*hich  the  ship  turns,  and  in  degree 
will  produce  the  same  effect  if  placed  at  the  same  distance 
forward  or  abaft,  to  starboard  or  to  port,  above  or  below, 
the  compass:  in  kind,  the  effect  will  depend  upon  which 
pole  is  brought  to  bear. 

In  Fig.  434,  P,  Q.  and  R  are  placed  to  represent  a  ship's 
magnetic  pole  in  the  direction  of  the  starboard  bow;  if 
the  pole  were  toward  the  starboard  quarter,  P  should  be 
shifted  abaft  the  compass  to  the  axis  OX',  if  toward  the 
port  quarter,  Q  must  at  the  same  time  be  transferred  to 
OY';  and  thus,  by  changing  the  magnets  from  one  axis 
to  another  and  moving  them  to  different  distances  from 
the  compass,  or  doing  away  with  one  or  two  altogether  as 
conditions  require,  we  may  produce  the  magnetic  effect  of 
the  hard  iron  of  the  ship,  in  whatever  direction  it  may 
be  or  however  great  its  intensity. 

And  with  due  regard  for  the  algebraic  signs  plus  ( + ) 
and  minus  ( - ),  as  indicating  both  the  polarity  of  the  mag- 
nets and  directions  in  the  ship  from  the  compass,  all  these 
physical  conditions  may  be  treated  mathematically. 

When  we  come  to  represent  the  other  part  of  the  mag- 
netic system  at  LM — the  soft-iron  factor,  or  its  components 
in  LX",  LY",  and  LZ" — by  rods,  we  find  that  a  single 
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one  for  each  axis  will  not  suffice;  for,  unlike  permanent 
magnets,  soft  iron  exhibits  extremes  of  magnetic  condi- 
tion in  various  positions ;  in  the  meridian  a  rod  of  it  is 
strongly  magnetic — across  the  meridian,  it  fails  of  effect; 
entirely  forward  or  abaft  the  compass,  one  pole  acts-— 
extending  continuously  above  or  below  it,  another  pole 
comes  into  play ;  and  so  on  through  many  possible  changes. 

Thus,  we  have  to  consider  soft  iron,  first,  with  regard 
to  direction — that  is,  whether  fore-and-aft,  or  athwartships. 
or  vertical;  and.  second,  as  to  position — that  is.  whether 
entirely  forward  or  wholly  abaft  the  compass,  or  to  star- 
board or  port  of  it,  or  above  or  below,  or  extending  con- 
tinuously in  any  three  planes. 

The  rods  requisite  to  fulfill  these  conditions  naturally 
divide  into  three  categories  representative  of  direction — 
the  fore-and-aft,  LX";  the  athwartship,  LY";  and  the 
vertical,  LZ":  and  in  each  the  rods  may  have  every  variety 
of  position. 

Plates  5.  T,  and  U  illustrate  every  possible  case.  Plate 
5  has  rods  representative  of  all  the  longitudinal  soft  iron; 
in  Fig.  435,  rod  a  stands  for  it  when  in  the  middle  section 
of  the  ship,  as  (i)  wholly  forward  of  the  compass,  (2)  con- 
tinuously above  or  below  it,  and  (3)  entirely  abaft;  in 
Fig-  4361  rod  d  represents  it  when  on  each  side  of  the  com- 
pass whether  wholly  forward  and  toward  either  bow  as 
(5)  and  (6),  or  entirely  abaft  and  toward  each  quarter  as 
(4)  and  (7) ;  in  Fig.  437,  rod  g  represents  it  when  above 
and  below  the  compass,  and  entirely  forward  as  (8)  and  (9), 
or  entirely  abaft  as  (10)  and  (ii).  Similarly,  Plate  T 
shows  the  position  of  transverse  soft  iron:  in  Fig.  438, 
rod  b  represents  it  when  wholly  forward  or  abaft  the  com- 
pass and  on  each  side  of  the  longitudinal  section;  in  Fig. 
439,  rod  e  when  in  the  vertical  plane  through  the  compass, 
and  whether  wholly  on  either  side,  or  unbroken  in  one 
extended  mass;  and  in  Fig.  440,  rod  li  when  above  or  below 
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on  each  side.  In  like  manner,  Plate  U  exhibits  the  varied 
location  of  vertical  soft  iron;  in  Fig.  441,  rod  c  represents 
it  in  the  longitudinal  section  both  forward  and  abaft  the 
compass  when  abutting  on  the  horizontal  plane  through 
it;  in  Fig.  442,  rod  /  represents  analogous  positions  in  the 
transverse  plane;  and  in  Fig.  443,  rod  k  represents  posi- 
tions directly  above  or  below,  or  through,  the  compass. 

Thus,  the  number  of  rods  representing  all  the  soft  iron 
in  the  hull,  armament,  and  equipment  of  the  ship  is  nin£; 
and  there  can  be  no  more,  since  its  every  possible  direction 
and  position  are  represented. 

Of  course,  it  is  not  likely  that  the  constituency  of  every 
representative  rod  will  exist  in  the  ship;  for  example, 
instances  of  h  (19)  and  {20),  and  k  (31)  and  (32),  dO' 
not  readily  suggest  themselves  to  the  mind ;  nevertheless, 
should  they  arise,  their  representatives  are  already  in  the 
arena  to  assert  their  strength;  when  absent,  these  repre- 
sentatives having  no  foundation,  reduce  to  naught;  and 
so,  either  way,  the  problem  is  complete— covers  the  con- 
tingencies both  of  accession  and  defect. 
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returns  by  constant  decrements  toward  the  meridian^ 
and  reaches  it  as  the  vessel  finishes  a  semicircle;  let  the 
ship  complete  the  circle,  and  the  needle  will  but  describe 
a  path  symmetrical  with  the  first  on  the  opposite  side  of 
the  meridian. 

To  represent  the  path  of  the  needle  graphically,  unfold 
the  circumference  of  the  compass-card  and  straighten  it 
into  the  line  NESW  of  Fig.  446 :  distances  along  this  line 


z 


Fig.  445. 


Pig.  446. 


from  the  origin  A^  as  Nm,  Nq,  Nt,  will  represent  azimuths 
of  the  ship  while_swinging;  from  the  end  of  each  erect  an 
ordinate  as  mp,  qr,  iv,  equal,  on  any  scale  of  parts,  to  the 
deviation  for  that  heading;  draw  a  curve  through  the 
extremities  of  all  the  ordinates,  and  it  is  a  wavy  line  having 
maxima  at  East  and  West,  and  minima  at  North  and 
South. 
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The  curve  is  thus  seen  to  be  a  function  of  the  azimuth, 
Sft'elling  or  flattening  as  that  increases;  more  than  this, 
it  is  zero  when  the  azimuth  is  o^.  and  steadily  grows  to  a 
masimum  when  the  course  is  90° — the  characteristic 
feature  of  the  sine  of  an  angle :  denote  the  compass  course 
cr  azimuth  by  ^.  and  then  the  vahie  ai  B  foe  different 
azimuths  wUl  be 

B.sin  C* (2) 

If,  in  Fig.  445,  the  ti-pole  of  +B  or  the  j-pole  of  —B 
had  been  presented  to  the  compass,  then  repulsion  would 
^  the  action  between  the  near  ends  of  B  and  the  needle. 
and  as  the  ship  sw-ung  to  the  eastward,  the  needle  would 
<'^^'iate,  first,  toward  the  west,  and  the  curve  representa- 
tive of  its  path  would  be  that  of  Fig.  447. 

In  the  transverse  axis  OY  (Figs.  442  and  444),  the 
^gnet  Q  and  the  rod  /  are  the  counterparts  of  P  and  c 
"■  the  longitudinal  axis  OX:  represent  their  joint  effect 
y  C.  plus  ( + )  when  to  starboard  of  the  compass  and 
"^^iis  {-)  when  to  port;  then 

C  =  Q+f: (3) 

^^<X  all  the  possible  positions  of  C  with  the  corresponding 
*^**~Ves  resulting  from  its  action  are  shown  in  Figs.  448, 
^+Q,  450,  and  451.  They  need  no  further  explanation 
*^*^ji  to  state  the  dependence  of  C  upon  the  course. 

In  both  figures,  while  the  ship  heads  north,  the  de\Ta- 
"^n  is  greatest :  as  she  swings  to  the  east,  the  needle  returns 
.V  constant  decrements  to  the  normal  direction  and  attains 
'^  as  the  ship  heads  east;  at  south  there  is  another  maxi- 
mum; and  at  west  another  minimum.  Thus  the  effect 
"■^  at  its  height  when  the  course  is  o",  and  at  its  lowest 
^hen  it  is  90°,  which  supplies  at  once  the  required  relation, 
Ctjsine  of  the  azimuth,  or 

C.cos  j' (4) 
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B  and  C  form  the  two  sides  of  a  right-angled  triangle; 
their  combined  effect — the  hypothenuse — is  obtained  by 
the  expression 

y/WTiP,        (s) 

which  is  called  the  semicircular  deviation:  according  to 
the  different  positions  of  B  and  C,  and  their  relative  strength, 


Fig    448.  Fig.  449. 


Fig.  450. 


Fig.  451. 


this  resultant  will  point  toward  either  bow,  or  either  quar- 
ter, and  the  angle  that  its  direction  makes  with  the  mid- 
ship line  (the  compass  being  the  center  of  angular  measure, 
which  is  reckoned  from  o"  to  360°)  is  known  as  the  star- 
board angle;  this  is  shown  in  Fig.  452,  where  B  is  plus 
and  C  minus,  and  the  former  the  stronger:  the  ship's 
semicircular  force  in  this  case  lies  in  the  direction  of  the 
port  bow,  with  a  starboard  angle  of  about  340". 

271.  The  Quadrantal  Deviation. — The  rods  a  and  * 
(Pigs.  43s,  439,  and  444)  represent  soft  iron  in  the  longi- 
tudinal and  transverse  sections  respectively;    on  account 


of  this  analogy  of  position  (each  with  reference  to  its 
proper  axis)  they  may  be  considered  jointly:  let  one  par- 
ticular combination  of  the  two  be  that  shown  in  Fig.  453. 

Both  a  and  e  are  magnetized  by  the  Earth's  horizontal 
component.  While  the  ship's  keel  is  in  the  meridian,  the 
magnetic  strength  of  a  is  concentrated  near  its  ends,  but 


Fio.  45a. 

produces  no  deviation,  because  it  is  in  line  with  the  needle ; 
e,  on  the  other  hand,  is  favorably  located  for  a  strong  pull, 
but  its  magnetism  is  diffused  along  its  sides,  equally  at 
each  end  and  of  no  effect. 

As  the  ship  swings  out  of  the  meridian,  a  causes  the 
needle  to  deviate  in  the  same  manner  that  -\-B  did)  with 
this  difference,  however,  tliat  while  B  retained  its  power 
intact  during  the  swinging,  a  gradually  loses  its  hold; 
but  on  account  of  the  direction  it  successively  takes  with 
reference  to  the  needle's  direction,  the  combined  effect,  due 
to  its  leverage  and  magnetism,  increases  up  to  a  course 
of  45°,  when  it  is  a  maximum;  from  45°  to  90*,  a  grad- 
ually loses  its  sway  over  the  needle,  which  returns,  and 
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coincides  with  the  meridian  as  the  ship  reaches  90®.     But, 
meantime,  this  effect  of  a  is  modified  by  the  action  of  e. 

On  the  ship  swinging  out  of  the  meridian,  the  polarities 
of  e  gradually  shift  toward  its  ends,  where  they  become 
concentrated  in  foci  by  the  time  she  heads  east,  the  end 
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Fig.  454. 

nearest  the  compass  becoming  a  north  pole  and  therefore 
repellent  of  the  north  end  of  the  needle,  while  at  the  same 
time  the  end  of  a  nearest  the  compass  is  a  south  pole  and 
attracts  the  north  end  of  the  needle:  the  restdtant  effect 
during  the  swinging  is  therefore  a  difference  of  these  two; 
represent  it  by  J9,  that  is, 

D=a-e (6) 


The  sign  of  D  will  depend  on  the  relative  strength  of  a  and  e. 
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With  the  ship's  head  east,  the  magnetism  of  a  is  diffused 
along  its  sides — that  of  e  concentrated  at  its  ends;  and  as 
the  ship  continues  swinging,  they  successively  interchange 
these  conditions  of  polarity  accfirding  io  which  one  coin- 
cides with  the  meridian  and  which  is  transverse  to  it. 

To  follow  their  resultant  D  around  the  circle :  from  90* 
to  180°,  the  curve  traced  between  0°  and  90"  is  repeated, 
but  now  on  the  opposite  side  of  the  meridian;  from  180" 
to  270"  we  have  the  same  curve  as  from  0°  to  90°;  and 
between  270"  and  360°,  the  same  as  from  90°  to  180° — in 
fine,  the  wavy  line  of  Fig.  454.  Its  general  contour  is  that 
of  alternate  maxima  and  minima  with  symmetrical  branches 
on  each  side  of  a  central  line ;  as  each  of  these  characteristic 
points  occurs  twice  in  a  semicircle  the  effect  of  D,  considered 
as  a  function  of  the  course,  may  be  represented  by 

D.sin  2r' (7) 

The  rods  b  and  d  (Figs.  436,  438,  and  444)  represent  soft 
iron  entirely  outside  the  three  sectional  planes  of  the  ship, 
■with  the  possibility  of  it  abutting  on  those  planes;  both 
rods  depend  on  the  Earth's  horizontal  intensity  for  their 
strength,  and  these  two  facts — similarity  of  position  and 
source  of  magnetism — admit  of  treating  them  together. 

Let  Fig.  455  represent  the  particular  combination  to 
be   examined. 

The  analogy  of  this  case  to  that  of  a  and  e  (Fig.  453) 
is  so  striking  that  the  explanation  of  that  may  almost  be 
paraphrased :  while  the  ship  is  in  the  meridian,  b  is  mag- 
netic along  its  sides  and  produces  little  effect;  d.  on  the 
contrary,  has  its  poles  at  the  ends  and  exerts  its  power  to 
most  advantage.  As  the  ship  swings  through  the  first 
quadrant,  the  polarities  of  both  rods  shift — that  of  h 
toward  the  ends  and  that  of  d  toward  the  sides,  until  at 
east  their  conditions  have  been  interchanged — -the  mag- 
netism of  b  now  being  at  its  ends,   strong  and  effective. 
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that  of  d  diffused  over  its  sides  and  weak;  and  so,  alter- 
nately, they  continue  round  the  circle,  the  corresponding 
action  on  the  needle  being  the  deviation  delineated  in 
Fig.  456. 


Pic-  455. 


FiO.  456. 


It  is  seen  to  be  similar  to  Fig.  454 — only,  that  its  maxima 
and  minima  occur  at  the  points  of  minima  and  maxima 
of  Fig.  454 — one  the  exact  converse  of  the  other. 

Represent  the  joint  effect  of  6  and  d  by  E,  and  since 
the  acting  ends  of  the  rods  antagonize  each  other,  the 
resultant  will  be 

E^b-d 


.     .     .     .     f8) 

This  resultant  has  maxima  when  the  course  is  o",  90°,  180°, 
and  270°;   and  minima  at  45",  135°,  225°,  and  315° — that 
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is,  two  maxima  and  two  minima  in  each  semicircle :  the 
cosine  of  double  the  angle,  then,  is  the  proper  link  to  con- 
nect the  effect  of  b  and  d  with  the  course,  that  is, 

E.cos  3^' (9) 

This  is  analogous  to  {7). 

As  with  B  and  C,  the  resultant  of  D  and  E  is  given  by 
the  expression 


VD'  +  £'. (10) 

This  produces  the  quadrantal  deviation. 

For  the  same  ship,  it  is  theoretically  unchangeable  with 
time  or  place,  and  numerous  analyses  of  deviations  con- 
firm the  theory  for  all  practical  purposes. 

The  reason  of  the  invariability  is  this:  the  quadrantal 
deviation  is  caused  by  induction  of  the  Earth's  horizontal 
component  in  soft  iron,  laid  horizontally;  it  is  also  this 
component  that  gives  direction  to  the  compass  needle: 
therefore,  any  change  in  the  disturbing  force  is  accom- 
panied by  an  equal  change  in  the  directive  power,  and  hence 
their  ratio  is  a  constant. 

272.  The  constant  deviation. — Suppose  the  positions  of 
h  and  d  to  be  those  of  Fig.  457,  and  that  the  rods  are  of 
equal  magnetic  strength,  so  that  when  each  comes  to  act, 
it  will  exert  the  same  pull  on  the  needle ;  then  as  the  ship 
swings  round  the  circle,  the  needle  will  be  kept  at  an  un- 
varying deflection — a  constant  deviation. 

Again;  the  axis  of  the  magnetic  system  may  not  coin- 
cide with  the  zero-line  of  the  card  as  in  Fig.  458,  and  this 
likewise  contributes  to  a  constant  deviation.  Other  errors 
of  similar  nature  may  exist,  and  all  such  are  represented 
by  A — i\ie  constant  deviation. 

273.  The  total  deviation. — Let  5  represent  the  sum  of 
the  deviations  arising  from  the  several  sources;   then  col- 
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lecting  the  expressions  found  for  them  in  (2),  (4),  (7),  and 
(9),  we  have 

5=A+5.sinc'  +  C.cos  c'  +  i^sin  2C'  +  £.cos  2^',     .  (11) 

which  is  the  mathematical  formula  of  the  deviations 
derived  from  consideration  of  the  physical  aspect  of  the 
problem. 


But 


Fig.  457. 

Each  component,  hy  itself,  produces  a  sjonmetrical 
curve;  it  is  the  combined  action  of  all — their  superposi- 
tion— that  gives  rise  to  the  irregularity  so  often  seen; 
and  according  to  the  varying  strength  of  each  component, 
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we  shall  have  every  variety  of  the  general  type  of  curve. 
Moreover,  by  its  algebraic  sign,  which  appears  in  the 
analysis  of  a  table  of  deviations,  we  may  infer  the  location 
(with  reference  to  the  compass)  of  each  part  of  the  dis- 
turbing force.  The  quantities  A,  B,  C,  D,  and  E  in  eq. 
(11)  are  called  the  Magnetic  Coefficients, 

In  this  representation  of  the  deviations,  the  identity 
of  the  curves  with  those  illustrative  of  wave-motion  in 
Vol.  I  is  apparent ;  indeed  the  identity  continues  through- 
out all  the  forms  both  of  waves  and  deviations,  and  hence 
it  is  that  Fourier's  Theorem  constitutes  the  basis  of  the 
mathematical  treatment  of  the  deviations :  for  it  expresses, 
analytically,  every  variety  of  wave  whether  in  the  ether 
of  space  that  disturbs  the  needle,  or  in  the  water  of  ocean 
that  buffets  the  siiip.  It  is  a  theorem  based  on  trigonomet- 
rical fynctions,  and  by  eq.  (ii)  these  are  seen  to  express 
the  several  components  of  the  total  deviation. 

In  order  not  to  convey  an  incorrect  impression,  it  must 
be  stated  that  formula  (11)  is  incomplete. 

The  phenomenon  of  the  deviations  is  a  periodic  one, 
all  whose  phases  are  covered  by  Fourier's  Theorem:  this 
takes  cognizance,  not  only  of  the  constant,  semicircular, 
and  quadrantal  components — summed  up  in  eq.  (11) — 
but  also  of  all  others;  the  sextantal,  which  has  six  maxima 
and  six  minima  in  a  complete  swing;  the  octantal,  which 
has  eight  such  distinctive  points;  and  so  on — in  fact,  an 
infinite  series  of  the  form 


3  =  /l  +  B.sin  C'+C.cos  ^'-l-D.sin  ac' 

-|-£.cos  2^'  -i-F.sin  3^'-|-C.cos  ^^ 
+  // .  sin  4C'  +iC , cos  4^*  + ,  etc. 


(12) 


This  series  converges  rapidly,  and  for  deviations  of  the 
ordinary  amount,  its  first  five  terms  generally  cover  all 
the  errors  that  need  practically  be  considered. 
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374.  The  heeling  error.— Thus  far,  the  disturb.ng  force 
has  been  treated  with  the  ship  on  an  even  keel ;  but  when 
listed  to  either  side,  a  new  and  additional  source  of  devia- 
tion arises— the  heeling  error;  this  is  caused  by  magnetic 
influences,  some  of  which  are  illustrated  by  Fig.  459 — 
that  is,  the  magnet  R  and  the  rods  g,  h,  k,  and  e:  the  sub- 
ject will  be  treated  fully  in  Part  Fourth. 

When  the  ship  heels,  the  rod  e  inclines  also,  and  acquires 
magnetism  from  both  the  horizontal  and  ■vertical  com- 
ponents of  the  Earth's  intensity,  with  poles  near  its  ends; 
which  pole  acts  on  the  needle  will  depend  on  the  position 
of  e  as  shown  in  Fig.  439  of  Plate  T. 

Rod  h  is  in  every  respect  the  analogue  of  e,  and  its 
various  positions  are  given  on  Fig.  440;  the  polar  action 
may  readily  be  inferred  from  each  case. 

Rod  g  is  magnetized  by  the  Earth's  horizontal  intensity, 
and  most  strongly  when  the  ship  is  in  the  meridian,  with 
poles  at  the  ends ;  it  is  evident  that  its  pull  upon  the  needle, 
with  the  ship  heeled,  will  be  greatest  on  both  northerly 
and  southerly  courses,  and  that  it  will  lose  its  grip  entirely 
on  both  easterly  and  westerly  courses,  because  its  magnetism 
is  then  distributed  over  the  sides  of  the  rod — equally  at 
each  end — and  therefore  ineffective:  Fig.  437  exhibits 
all  the  positions  of  g,  and  the  direction  in  which  the  acting 
pole  will  draw  the  needle  may  easily  be  inferred  from  an 
inspection  of  each  case. 

Rod  k  is  magnetized  by  the  Earth's  vertical  compo- 
nent; its  poles  are  always  at  the  ends,  and  the  different 
positions  it  may  have,  with  the  corresponding  action  in 
each,  are  indicated  on  Fig.  443. 

A  magnet  whose  axis  lies  vertically  above  or  below  the 
pivot  of  a  compass  will  not  deflect  the  needle;  but  when 
the  ship  heels,  the  magnet  inclines  also  and  will  cause 
deviation:    the  magnet  R  and  rod  fe  are  in  this  situation, 


THE    HEELING    ERROR. 


773 


and  may  conspire  or  conflict  in  their  action — it  depends 
on  which  pole  of  R  is  uppermost. 

Indeed,  it  may  be  said  that  as  each  component  has  its 
distinctive  polarity,  derived  from  different  sources  and 
governed  by  diverse  laws — R  being  a  permanent  steel 
magnet;  the  rods  variable  soft  ones;  g  magnetized  by 
the  Earth's  horizontal  intensity  only;  k  by  the  vertical 
component  chiefly;   e  and  h  partly  by  both;   the  poles  of 


Fig.  459. 

fe  always  at  its  ends,  the  polarity  of  e,  g,  and  k  some- 
times toward  the  ends  and  sometimes  toward  the  sides — 
all  this  variety  must  have  a  resultant  whose  effect  alone 
is  experienced:  it  may  attract  the  needle  to  windward 
or  repel  it  to  leeward. 

275.  The  complete  information  relative  to  the  ship's 
magnetism. — In  Art.  266  it  was  stated  that  if  oscillation 
experiments  with  horizontal  and  vertical  needles  be  made 
with  the  ship  on  one  heading,  her  magnetic  force  for  that 
heading  would  be  obtained;  if  this  be  done  for  two  oppo- 
site headings,  or  for  a  number  of  equidistant  ones,  the  mean 
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of  all  gives  the  mean  horizontal  force  to  north  denoted  by 
A,  and  the  mean  vertical  force  denoted  by  pl\  both  these 
quantities  are  essential  in  certain  calctilations^ 

By  swinging  ship  we  obtain  Tables  of  Deviations; 
analysis  of  these  discloses  the  components  of  the  disturb- 
ing force;  further  separation  of  each  component  exhibits 
the  various  representatives  of  the  hard  and  soft  iron  of 
the  ship:  and  all  this  information  in  connection  with  a 
magnetic  survey  and  oscillation  experiments  for  force, 
afford  an  intelligent  expos6  of  the  magnetic  influences 
acting  on  the  compass. 


EXPERIMENTAL     ILLUSTRATION     OF    THE    DEVIATIONS, 
AND  THEIR  COMPENSATION. 


176.  Instruments  and  arrangements  for  the  experi- 
ments.— The  follL^wing  experiments  were  made  with  the 
ScoRESBY.  Fig.  428,  mounted  as  shown  in  Fig.  429,  in 
the  Office  of  Superintendent  of  Compasses  when  it  was 
on  the  second  floor  of  the  Navy  Department  in  1883.  Cbn- 
sidering  the  circumstances  that  contributed  to  magnify 
error — the  contracted  space  of  the  room  and  the  materials 
of  which  it  was  constructed;  instrumental  imperfections; 
the  close  proximity  to  the  compass  of  both  the  iron  and 
magnets  used;  the  size  of  the  com  pass- needle,  the  rods, 
and  bars  employed — the  results  obtained  were  in  close 
accord  mth  theoretical  values. 

The  representatives  of  the  soft-iron  rods  consisted  of  a 
number  of  wrought -iron  tubes,  each  14  inches  long,  2 
inches  external  diameter,  and  ij  inches  internal  diameter; 
they  were  found  byexperiment  to  be  absolutely  free  from 
permanent  magnetism. 

The  compass  used  in  all  the  experiments,  unless  other- 
wise stated,  is  seen  mounted  on  the  upper  deck,  Fig,  428, 
in  the  midst  of  the  tubes;  it  was  a  liquid  compass  of  the 
7)-inch  type,  and  bore  the  number  6216,  by  which  it  will 
be  referred  to  hereafter;  its  card  was  of  the  new  form 
then  recently  adopted;  its  graduation  was  to  20'  of  arc, 
on  a  gold  rim  fastened  to  the  top  of  the  card. 

Itere   was  but  one  magnet,    however,   attached   cen- 
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trally  in  a  diameter  of  the  card  (Fig.  401)  instead  of  the 
four  magnets  of  the  same  type  of  compass  issued  to  ships : 
this  magnet  was  3A  inches  long,  weighed  740  grains,  and 
consisted  of  a  bundle  of  fine  "wires  of  hardened  steel;  the 
pressure  of  the  card  on  the  pivot,  in  hquid,  was  about 
50  grains. 

For  observing  the  meridian-line  traced  on  the  north 
wall  of  the  room.  Fig.  439,  while  swinging  ship,  a  telescope 
specially  made  for  the  purpose,  was  used  on  top  of  the  com- 
pass— ^■Fig.  428:  it  magnified  eight  diameters,  had  cross- 
hairs, and  a  prism  for  reflecting-up  the  graduation  of  the 
card,  so  that  the  meriilian-line  and  division  of  the  card 
in  coincidence  could  be  seen  together;  although  the  carxi 
was  divided  only  to  20',  still  5'  could  easily  be  estimated. 

Previous  to  making  an  experiment,  all  iron  and  mag- 
nets were  removed  from  the  Scoresby  and  its  \'icinity  to 
the  far  limits  of  the  room,  and  left  there  in  the  same  posi- 
tion throughout  the  entire  series.  The  vessel  was  then 
carefully  swung,  stopping  at  each  point  to  let  the  needle 
come  to  rest  before  taking  the  bearing  of  the  meridian-line. 

A  table  of  deviations  made  from  these  readings  on  every 
point  then  included  both  the  varj'ing  parallactic  angle 
and  the  influence  of  all  iron  in  the  room  that  affected  the 
compass.  Such  a  table  was  obtained  first  with  the  ship 
upright,  and,  secondly,  wtule  heeled  ito  the  side  and  by 
the  amount  that  was  subsequently  used  in  the  heeling 
experiments. 

These  two  tables,  upright  and  heeled,  were  verified 
every  day,  before  making  an  experiment,  by  swinging 
the  vessel  on  the  points  to  be  used.  Then,  to  ascertain 
the  effect  of  either  a  tube  or  magnet,  it  was  placed  in  the 
desired  position  and  direction  by  means  of  one  of  the  bronze 
arms,  and  the  vessel  carefully  swung,  resting  ample  time 
on  each  heading  by  compass,  and  the  bearing  of  the  merid- 
ian-line was  then  observed  and  recorded. 
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The  table  of  deviations  thus  obtained  was  compared 
with  that  when  neither  iron  nor  magnet  was  on  the  vessel, 
and  in  succession  the  effect  of  each  of  the  nine  soft-iron 
tubes  and  the  three  steel  magnets  was  thereby  determined. 

Although  tubes  were  actually  employed,  still  they  are 
called  rods  throughout  the  experiments  to  accord  with  the 
technical  name  used  in  this  investigation. 

277.  The  deviations  produced  by  soft-iron  rods  in  dif- 
ferent positions. — Each  experiment  is  illustrated  by  a 
diagram  showing  the  position  of  the  rod  on  the  Scoresby 
and  by  a  curve  of  the  deviations  it  produced;  the  table 
accompanying  each  experiment  is  self-explanatory. 

In  the  figures  representing  the  curves,  each  small 
square  is  i°;  and  whether  the  curve  is  of  nattiral  size  or 
enlarged,  is  stated  in  the  description  of  the  experiment. 
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EXPERIMENT   2\    ROD  — a. 

Vessel  upright  and  swung  through  eastern  semicircle, 
resting  two  minutes  on  each  point.  Tube:  same  28-inch 
one  used  in  Experiment  i :  placed  horizontally  in  vertical 
plane  through  keel,  above  compass;  middle  point  over 
pivot;  axis  ten  (10)  inches  above  plane  of  needle  and 
parallel  thereto. 

A  propeller  shaft,  or  an  iron  keel  or  deck,  would  be  rep- 
resented by  —a. 

The  results  of  this  experiment  could  scarcely  be  in 
closer  accord  with  theory — Table  54:  the  curve  of  Fig. 
463  is  enlarged  six  times. 

From  the  relative  positions  of  the  tube  and  azimuth 
telescope,  it  was  not  always  possible  to  observe  the  merid- 
ian line  traced  on  the  north  wall  of  the  room ;  so  that  in 
this  and  other  experiments,  lines  that  were  suitably  traced 
on  the  different  walls  had  to  be  observed. 

In  the  present  experiment,  this  was  the  case  when  the 
vessel  headed  north,  north  by  east,  and  south.  This 
practice  in  nowise  affected  the  results. 
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iM.Lr  throuc^h  western  semicircle, 

i-'li  point. 

'  tnu  used  in  Experiment  i ;  placed 

ill  plane  of  needle  and  parallel  to 

:  1   keel ;    after-end  /  of  tube  abutting 

iirouj-^h  compass-pivot;   nearest  point 

k  jnvot — Fig.  466. 

\\\.  467  made  from  Table  56  is  of  natural 

':\\  the  deviations  in  the  two  quadrants 

iirical,  with  maxima  at  north  and  south, 

ni   at   west.     The   differences   are   due   to 

analogous  to  those  explained  in   Experi- 

'\\  the  vesseVs  head  south,  the  distant  pole 

the  effect  of  the  near  pole  /;    this  continues 

.  inging  of  the  ship  brings  m  into  a  Hne  trans- 

•   needle,  which  occurs  near  the  west  point :  here 

M-ibution  of  the  tube's  magnetism  occurs,  whose 

■  !■  in  the  needle  is  apparent  in  the  irregularity  of 

a  I  ions. 

1  lie  vessel  continuing  to  swing  through  the  north- 
i'.uirter,  both  ends  of  the  tube  conspire  to  produce 
".'.in,  whereas  they  conflicted  in  the  southwest  quar- 
;encc  the  want  of  symmetry. 
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EXPERIMENT    5:    RESULTANT   OF  +&  AND  +d. 

Vessel  upright  and  swung  through  eastern  semicircle, 

resting  two  minutes  on  each  point. 

Tube:  same  28-inch  one  used  in  Experiment  i,  and 
which  was  also  used  as  +  fc  and  +  d  in  Experiments  3  and  4 ; 
it  was  placed  horizontally,  the  axis  in  plane  of  needle  and 
inclined  45°  to  the  vertical  plane  through  keel;  nearest 
point  7  inches  from  compass-pivot — Fig.  468. 

The  curve  of  Fig.  469  is  of  natural  size;  the  small  de7 
viation  at  NE.,  Table  57,  is  but  a  trifling  diiTerence  from 
the  theoretical  curve,  and  the  slight  want  of  symmetry  on 
corresponding  points  is  readily  accounted  for  by  consider- 
ing how  the  distant  pole  in  affects  the  action  of  the  near 
pole  (  in  different  parts  of  the  semicircle.  Attention  is 
called  to  the  reasoning  connected  with  Figs.  453  to  456 — 
■which  was  prior  to  the  experiment — and  how  it  is  borne  out 
by  this  experiment  and  those  with -|- 6  and  +  if  separately; 
the  combination  or  superposition  of  the  two  dissimilar 
curves  of  Experiments  3  and  4  could  scarcely  be  more 
accurately  accomplished,  with  each  preserving  its  charac- 
teristic features. 


EXPERIMENT   6:    CONSTANT   DEVIATION. 
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EXPERIMENT   6:    CONSTANT   DEVIATION. 

Vessel  upright  and  swung  through  NE.  quadrant,  rest- 
ing two  minutes  on  each  point. 

The  two  parts  of  the  28-inch  tube  used  in  Experiment  i 
(and  also  in  all  subsequent  experiments  up  to  the  present  one) 
were  disconnected  and  placed  as  in  Fig.  470 ;  that  is,  tube 
+  6  transverse  to  vertical  plane  through  keel,  and  tube  —  d 
parallel  to  that  plane:  both  tubes  horizontal  and  their 
axes  in  plane  through  needle ;  end  m  of  6  abutting  on  ver- 
tical plane  through  keel,  and  nearest  point  7  inches  from 
compass-pivot ;  end  w'  of  d  abutting  on  transverse  vertical 
plane  through  compass-pivot,  and  nearest  point  7  inches 
from  pivot. 

The  deviations  of  col.  (4),  Table  58,  are  sufficiently 
uniform  to  prove  the  correctness  of  the  theory:  the  differ- 
ences from  strictly  equal  values  may  readily  be  ascribed 
to  the  size  of  the  tubes,  any  little  inequality  in  their  form, 
weight,  or  quality,  or  any  defect  of  placing  them  sym- 
nietrically,  with  reference  to  the  needle.  The  cxirve  of 
Fig.  471  is  of  natural  size. 


EXPERIMENT   6:    CONSTANT   DEVIATION. 
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EXPERIMENT    7:    ROD  +  C. 

Vessel  upright  and  swung  through  eastern  semicircle, 
resting  two  minutes  on  each  point. 

Tube:  one  of  the  14-inch  tubes  used  in  Experiment  6; 
*  placed  forward  of  compass,  vertically,  in  vertical  plane 
through  keel,  upper  pole  in  horizontal  plane  of  needle,  and 
nearest  point  of  tube  ten  (10)  inches  from  compass-pivot — 
Fig.  472.  This  rod  represents  the  smoke-stack,  ventila- 
tors, stanchions,  or  any  vertical  soft  iron  whose  upper 
pole  is  near  the  horizontal  plane  of  the  compass. 

The  curve  of  Fig.  473  is  enlarged  twice. 

The  difference  between  the  deviations  on  corresponding 
points  of  the  two  quadrants  (Table  59)  is  not  readily  ex- 
plained: by  raising  the  tube  14  inches,  that  is,  until  the 
lower  pole  came  into  the  plane  of  the  needle,  it  was  fotmd 
that  the  curve  was  nearly  symmetrical.  The  observations 
in  the  unfavorable  position  are  given,  however,  to  show 
the  identity  of  effect  of  the  rod  c  and  magnet  P,  as  stated 
in  Art.  270. 


EXPERIMENT   7:   ROD-f 
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EXPERIMENT    8:    ROD  +^. 

Vessel  upright  and  swung  through  western  semicircle, 
resting  two  minutes  on  each  point.  Tube:  the  same  one 
used  in  Experiment  i,  that  is,  a  28-inch  tube,  formed  by 
screwing  together  the  two  14-inch  tubes  of  which  it  was 
originally  composed;  placed  horizontally,  axis  in  plane  of 
compass-pivot  and  also  in  plane  transverse  to  vertical 
section  through  keel;  wholly  to  starboard  of  compass, 
as  rod  +  e,  and  nearest  point  7  inches  from  compass-pivot — 

Fig.  474. 

The  curve  of  Fig.  475  is  made  from  Table  60  and  is 

enlarged  twice ;  it  corresponds  beautifully  to  theory.     The 

rod+e  may  represent  a  deck  beam  cut  amidships  for  a 

hatch. 
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EXPERIMENT   9:    ROD  —  ^. 

Vessel  upright  and  swung  through  eastern  semicircle, 
resting  two  minutes  on  each  point. 

Tube:  same  one  used  in  Experiment  i,  28  inches  long; 
placed  horizontally,  at  right  angles  to  vertical  plane  through 
keel,  middle  point  over  compass-pivot;  axis  of  tube  11 
inches  above  plane  of  needle — Fig.  476.  The  cxirve  of 
Fig.  477  is  enlarged  six  times. 

As  in  Experiment  8,  the  deviations  are  in  strict  con- 
formity to  theory — Table  61. 

This  rod  represents  iron  deck  beams. 
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EXPERIMENT    lOI    ROD—/. 

Vessel  upright  and  swung  through  eastern  semicircle, 
resting  two  minutes  on  each  point.  Tube:  same  used  in 
Experiment  i,  28  inches  long;  placed  vertically  to  star- 
board, in  transverse  section  through  compass-pivot ;  lower 
pole  in  plane  of  needle,  and  nearest  part  of  tube  ten  (10) 
inches  from  pivot — Fig.  478. 

The  curve  of  Fig.  479,  made  from  Table  62,  is  of  natural 
size. 

This  rod  exemplifies  the  effect  of  boat-davits,  or  cranes, 
or  generally,  any  vertical  soft  iron  on  one  or  both  sides 
of  the  ship. 


EXPERIMENT    II :   STEEL    MAGNET  +  P. 
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DEVIATIONS  BY  PERMANENT  MAGNETS. 

278.  The  deviations  produced  by  permanent  magnets. — 

Experiments  11  and  12  were   made  with  hani-steel  mag- 
nets, well  seasoned. 

Attention  is  directed  to  the  identity  of  the  curves  of 
Figs,  473  and  481 — the  former  produced  by  a  soft-iron 
rcxi  (  +  c}  and  the  latter  by  a  permanent  magnet  (+P); 
thus  bearing  out  the  statement  of  Art,  270 — that  these 
dissimilar  magnets  produce  like  results:  also,  in  the  same 
article,  the  analogous  case  of  Q  and  /,  the" statement  there 
made  in  regard  to  them,  and  its  fulfillment  by  the  curves 
of  Figs.  479  and  483;  if  /  had  been  placed  to  port  of  the 
compass  in  Fig.  478,  as  Q  is  in  Fig.  482,  the  two  curves 
would  be  alike  in  every  respect— they  are  the  converse 
of  each  other  only  because  they  are  on  opposite  sides  of 
the  compass. 


EXPERIMENT    II  :    STEEL    MAGNET  ■\-P. 

Vessel  upright  and  swung  through  eastern  semicircle, 
reding  two  minutes  on  each  point. 

The  steel  magnet  used  was  a  solid  cylindrical  rod,  gj 
inches  long  and  \\  inches  in  diameter;  placed  forward 
of  the  compass  in  midship  line,  axis  in  horizontal  plane 
through  needle,  south  pole  toward  compass,  and  nearest 
part  33  inches  from  its  pivot — Fig.  480. 

The  curve  of  Fig,  481  is  of  natural  size. 

This  magnet  stands  for  the  hard  iron  of  the  ship,  when 
blue  polarity  pervades  the  forward  body  and  red  the  after 
body. 
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EXPERIMENT    \2\   STEEL   MAGNET  +(2. 

Vessel  Upright  and  swung  through  eastern  semicircle, 
resting  two  minutes  on  each  point.  Steel  magnet:  the 
same  used  in  Experiment  1 1 ;  placed  in  transverse  section 
through  compass,  on  its  port  side ;  axis  in  horizontal  plane 
of  needle;  north  pole  toward  compass;  and  nearest  part 
25  inches  from  its  pivot— Fig.  482. 

The  curve  of  Fig,  483,  made  from  Table  64,  is  of  natural 
siz«. 

This  experiment  illustrates  the  action  of  the  hard  iron 
of  the  ship  when  pervaded  by  red  pohirity  on  her  port  side 
and  blue  on  the  starboard. 


279.  Components  of  the  heeling  error. — Experiments 
13  to  lb,  inclusive,  illustrate  the  heeling  error;  they  all 
have  the  same  characteristic — the  largest  deviations  are 
11  rnrtherly  and  southerly  courses,  with  none  on  easterly 
and  westerly,  as  shown  by  the  curves  of  Figs.  487  to  491 : 
the  fact  is  in  marked  contrast  with  the  deviations  pro- 
•iuced  by  the  various  rods  and  magnets  with  the  ship  on 
an  even  keel,  where  maxima  and  minima  occur  at  diflerent 
taints  of  the  circle. 

In  these  four  experiments  (13  to  16),  the  compass  of 
pJ^Wous  experiments  was  replaced  by  one  of  the  four- 
''fi^e  type  in  daily  use  as  a  standard. 
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EXPERIMENT    I3  :   ROD  -g. 

The  vessel  was  heeled  20°  to  starboard  during  the  ob- 
starvations  of  cols.  (2)  and  (3)  of  Table  65,  and  swung 
through  the  eastern  semicircle,  resting  two  minutes  on  each 
i:x)int.  Tube:  the  same  used  in  Experiment  i,  28  inches 
Xong,  placed  with  its  axis  in  the  longitudinal  section  through 
Iteel  and  parallel  to  latter;  above  plane  of  card-and  forward 
•ijf  compass,  nearest  end  1.5  inches  from  compass-ptvot — 
Tig.  484- 

The  cur\'e  of  Fig.  485  is  enlarged  six  times. 
The  induced  magnetism  of  the  tube  and  its  leverage 
^re  at  their  best  when  the  ship  heads  north  or  south. 

Heading  north,  heeled  to  starboard,  and  tube  placed 
^s  above  described,  the  end  of  the  tube  nearest  the  com- 
"jjass  has  blue  magnetism  and  attracts  the  north  end  of 
the  card  to  the  low  side,  producing  easterly  deviation: 
as  the  vessel  swings  into  the  northeast  quarter,  the  mag- 
netism of  the  tube  is  distributed  over  its  sides,  the  leverage 
lessens,  and  both  become  ineffectual  at  east ;  the  swinging 
continuing,  the  ends  of  the  tube  again  acquire  opposite 
^xilarity,  that  nearest  the  compass  this  time  being  red 
I  and  attracting  the  south  end  of  the  card  to  the  low  side, 
I'lhus  producing  easterly  deviation  as  before :  in  the  obser- 
■  "Vations  of  Table  65  this  general  procedure  is  apparent; 
I  the  irregularities  and  discrepancies  are  due  to  instrumental 
\  and  other  unavoidable  errors,  the  smallness  of  the  quan- 
*  tities  to  be  measured,  and  the  difScuIties  of  making  the 
I  obser\'ations. 

The  rod  g,  if  below,  woxdd  represent  the  effect  of  a 
x>peller  shaft  or  iron  keeL 
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EXPERIMENT    14:    ROD -f /t. 

Vessel  heeled  20°  to  starboard  and  swung  through 
eastern  semicircle,  resting  two  minutes  on  each  point. 

Tube;  same  used  in  Experiment  :,  28  inches  long; 
placed  as  in  Fig.  486.  its  axis  in  section  transverse  to  keel 
through  compass-pivot;  parallel  to  plane  of  deck;  above, 
and  on  port  side  of  compass,  nearest  end  13  inches  from 
its  pivot.  The  tube  is  now  magnetized  by  a  component 
of  the  Earth's  total  intensity  that  makes  an  angle  with 
the  horizon,  the  lower  end  of  the  tube— tliat  nearest  the 
compass — becoming  a  red  pole,  and  the  upper  a  blue. 

With  the  ship  heading  north,  the  north  point  of  the 
card  will  be  repelled,  and  easterly  deviation  produced ; 
as  the  ship  swing?  into  the  northeast  quarter,  the  leverage 
of  the  tube's  magnetic  force  becomes  less,  and  at  east  fails 
entirely  of  effect,  as  it  is  then  in  line  with  the  needle;  the 
swinging  continuing,  the  leverage  of  the  tube's  magnetic 
force  increases — the  tube  is  now  to  the  eastward  of  tlie 
compass — still  repelling  the  north  point  of  the  card  and 
there  is  westerly  deviation:  all  which  is  shown  in  Table 
66,  and  illustrated  by  Fig.  487,  where  the  curve  is  enlarged 
six  times,  , 

Were  the  rod  h  below  the  compass,  it  would  represent 
a  deck  beam  cut  for  a  hatchway. 
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EXPERTMENT    \%\    ROD  +  ife. 


1 


Vessel  heeled  20°  to  starboard  and  swung  through 
eastern  semicircle,  resting  two  minutes  on  each  point. 

Tube:  the  same  used  in  Experiment  i,  28  inches  long; 
placed  as  in  Fig.  488,  entirely  above  the  compass;  a.\is 
in  prolongation  of  compass-pivot;  nearest  end  13  inches 
from  that  pivot. 

In  this  case  the  magnetism  of  the  tube  is  due  to  a  com- 
ponent of  the  Earth's  total  intensity  that  is  inclined  to  the 
vertical,  the  lower  end  of  the  tube  being  a  red  pole,  and 
the  upper  a  blue:  the  maximum  leverage  of  the  magnetic 
force  occurs  with  the  ship's  head  north  or  south,  gradually 
decreasing  to  zero  at  east  and  west.  When  the  ship's 
head  is  north,  the  lower  pole  of  the-  rod  is  thrown  by  the 
heeling  to  the  eastward  of  the  needle,  and  repels  the  north 
®nd  of  the  needle,  producing  westerly  deviation:  this  con- 
tinues, with  gradually  decreasing  effect,  as  the  ship  swings 
through  the  northeast  quarter,  until  she  heads  east,  when 
the  rod  being  in  a  plane  through  the  needle,  its  effect  is 
ro.  The  vessel  continuing  to  swing  through  the  south- 
st  quarter,  the  lower  end  of  the  rod  passes  on  the  other 
**«ie  of  the  needle,  and  again  repels  its  north  end,  produc- 
''^g  easterly  deviation,  which  gradually  increases  to  a  maxi- 
''^um  at  south — Table  67. 

The  cur\'e  of  deviations,  Fig.  489,  which  is  enlarged 
*^'vice,  is  almost  perfectly  symmetrical. 

Were  k  below  the  compass,  its  blue  pole  would  act  upon 
^■'^e  needle,  causing  deviation  to  the  high  side, 

A  rod,  —  fe,  would  cause  deviation  to  the  low  side. 


'~sfS^° 


^MPENSATION  OF  THE  DEVIATIONS. 


EXPERIMENT    l6:    STEEI.    MAGNET   R. 

i  Vessel  heeled  20°  to  starboard  and  swung  through 
tern  semicircle,  resting  two  minutes  on  each  point. 
tWagnet,  a  short  steel  tube  which  had  been  made  a 
ftxianent  magnet  by  an  electric  current  several  months 
iriously;  placed  entirely  above  the  compass,  axis  coin- 
int  with  prolongation  of  compass-pivot;  south  pole 
Pest  compass,  and  6  inches  from  it— Fig.  490. 
The  difference  in  the  deviations  on  corresponding  points 
he  two  quadrants.  Table  68,  is  probably  due  to  a  want 
ixact  coincidence  of  the  axis  of  the  magnet  with  the 
I.  of  the  compass.  The  curve  of  Fig.  491  is  enlarged 
«. 

It  will  be  observed  that  the  needle  is  drawn  to  the  low 
!  in  both  quadrants:  were  the  magnet  below  the  com- 
\ — south  pole  uppermost — the  needle  would  be  drawn 
he  high  side  in  both  quadrants ;  and  the  magnet  in  this 
)  would  represent  the  action  of  the  hard  iron  of  a  vessel 
)8e  after  body  was  pervaded  by  blue  polarity  and  forward 
y  by  red  polarity — the  characteristic  features  of  a  ship 
it  head  north  magnetic. 


38o.  Experimental    compeosatioD    of  the  deyijitioDS 

principle  underlying  compensation  of  the  deviations 
ery  simple  and  will  be  illustrated  by  the  following  three 

:  in  each,  the  deviation  was  first  produced  by  a  dis- 
cing magnet — then  the  Scoresby  was  swung  for  a 
fe  of  Deviations — and  finally  the  compensating  ma- 
Us  were  applied.  There  are  different  methods  of  per- 
aing  the  latter  operation  which  will  be  described  in 
t  Fifth,  but  the  principle  is  the  same  in  all,  and  it  is 

which  is  sought  to  be  made  clear. 


EXPERIMENT    l6:   STEEL    MAGNET   R. 


%"^f.i!Ir 

Dcsrin 

of  True 

R  m  Pia™. 

'1",V 

iro. 

N. 

N.     i'jo'EJn.    .1° 

0' w, 

4°   30' 

^1 

N'.  bv  E. 

N.4.    Vs   E. 

0  E. 

r] 

N.  4D    IS    E. 

N,  16 

0  E. 

rI 

NE.  bvN. 

N.39   15  E 

N.« 

10  K. 

m  V. 

-\E.  bvE 

S.  62     0  W. 

IS   W 

K.  NE, 

S.  6j     0  W. 

S    fii 

n  w 

F 

...b^N. 

S-  14   45   E. 

K    IS 

0  E 

0     '5 

E. 

S.  25   30   E. 

S.  21 

15  E. 

W 

i-:  hv  s. 

S.  27     0  E    S.  25 

V.  E. 

W 

W. 

SE,  byE. 

N.  40     0   W,  N.  37 

?P  w. 

W. 

SE.  by  S 

S.  61    45  W.  S.  66 

1)  w 

W  1 

S.  60    15   W.S.  65 

S.  by  E. 

S.  58   45   W-]S.  64 

A\' 

30  W- 

5     "5 

^■k 

i'lO.  49t 


COMPEl^SATION   OF   THE  DEVIATIONS. 


809 


EXPERIMENT    l6\    STEEL   MAGNET   R. 

Vessel  heeled  20°  to  starboard  and  swung  through 
eastern  semicircle,  resting  two  minutes  on  each  point. 

Magnet,  a  short  steel  tube  which  had  been  made  a 
permanent  magnet  by  an  electric  current  several  months 
previously:  placed  entirely  above  the  compass,  axis  coin- 
cident with  prolongation  of  compass-pivot ;  south  pole 
nearest  compass,  and  6  inches  from  it^Fig.  490. 

The  difference  in  the  deviations  on  corresponding  points 
in  the  two  quadrants,  Table  68,  is  probably  due  to  a  want 
of  exact  coincidence  of  the  axis  of  the  magnet  with  the 
axis  of  the  compass.  The  curve  of  Fig.  491  is  enlai^ed 
twice. 

It  will  be  observed  that  the  needle  is  drawn  to  the  low 
side  in  both  quadrants:  were  the  magnet  below  the  com- 
pass— south  pole  uppermost— the  needle  would  be  drawn 
to  the  high  side  in  both  quadrants;  and  the  magnet  in  this 
case  would  represent  the  action  of  the  hard  iron  of  a  vessel 
whose  after  body  was  pervaded  by  blue  polarity  and  forward 
body  by  red  polarity — the  characteristic  features  of  a  ship 
built  head  north  magnetic. 


aSo.  Experimental    compensation    of  the  deviations. — 

The  principle  underlying  compensation  of  the  deviations 
is  very  simple  and  will  be  illustrated  by  the  following  three 
cases;  in  each,  the  deviation  was  first  produced  by  a  dis- 
turbing magnet — then  the  Scoresby  was  swung  for  a 
Table  of  Deviations — and  finally  the  compensating  ma- 
terials were  applied.  There  are  different  methods  of  per- 
forming the  latter  operation  which  will  be  described  in 
Part  Fifth,  but  the  principle  is  the  same  in  all,  and  it  is 
Ifetf  which  is  sought  to  be  made  clear. 
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ILLUSTRATION  OF  THE  DEVIATIONS. 


EXPERIMENT   17:    THE   SEMICIRCULAR  DEVIATION   PRODUCED 
AND    COMPENSATED. 

The  compass  used  in  this  experiment  was  a  liquid  four- 
needle  type,  No.  6211 — in  every  particular  like  No.  7860, 
described  in  Fig.  402,  Plate  P. 

AH  iron,  magnets,  and  other  disturbing  materials  were 
first  removed  from  proximity  of  the  Scoresby,  and  the 
vessel  swung  until  the  pointer  on  the  bow  successively 
indicated  equal  (true)  arcs  of  the  brass  circle  on  the  floor, 
col.    ( I ) ,    Table   69.     The   corresponding  heading   of   the 
vessel  by  compass  was  obser\'ed  and  recorded,  col.    (2). 
A  steel  magnet,  gj  inches  long  and  i)  inches  in  diameter, 
was  then  placed  horizontally  in  the  plane  of  the  compass 
needles,  in  a  line  bearing  45''  on  starboard  bow,  south  pole 
directed  toward  compass,  and  20  inches  from  its  pivot — 
Fig.  492.    The  vessel  was  again  swung  through  j6o°,  rest- 
ing two  minutes  on  each  division  of  20°  of  the  brass  circle 
on  the  floor,  and  the  heading  of  the  vessel  by  compass  was 
observed,  col.   (3),  Table  69.     A  comparison  of  cols.    (2)     ! 
and  (3)  gave  the  deviations,  col.   {4).     Sixteen  thin  bar    \ 
magnets,  eight  11}  inches  long,  and  eight  SJ  inches  long, 
were  now  placed  below  the  compass,  and  29  inches  from    J 
the  plane  of  the  needles,   their  length  being  in  a  vertical 
plane  making  an  angle  of  45°  with  the  vertical  plane  through    J 
the  keel,   north  poles  all   turned  toward  the   "disturbing 
magnet"- — Fig.  492.     The  vessel  was  then  swung  through 
360°,  resting  two  minutes  on  each  division  of  20°  of  the 
brass  circle,  and  the  heading  of  the  Scoresby  noted  and    " 
recorded,  col.  (5),  Table  6g.  | 

The  residual  deviations  are  given  in  col.  (6).  | 

The  system  of  "  compensating -magnets  "  was  then  raised 
ij  inches,  without  turning  them  in  azimuth,  the  vessel 
swung  as  before,  col.  {7),  and  a  final  series  of  residuals 


COMPENSATION  OF  THE  DEVIATIONS. 


8ll 

the 


obtained,  col.   (8);    the  maximum  attaining  only 
compass  was  deemed  compensated. 

The  curves  of  the  difEerent  deviations — without  com- 


Fia   493. — Experiment  17. 

LP^nsation  at  all  {black};    partially  compensated  (green); 
j^Hcl   finally  compensated  (red) — are  given  in  Fig.  493. 

before    placing   the    "compensating  magnets" — in  the 
l^*^r-them  semicircle,  from  east  by  way  of  north — the  corn- 
is  card  was  very  steady  and  came  quickly  to  rest,  because 
'    south  pole  of  the  distuTbing  magnet  was  attracting  the 
'^'^rth  pole  of  the  compass  system ;  also,  for  equal  true  arcs 
^'    the  circle,  col.   (i).  Table  69,  the  corresponding  corn- 
Pass  arcs  are  very  much  less,  besides  being  variable — see 
^•^lumn  headed  "Differences"  in  col.  (3);    tn  the  southern 
Sdi-icircle.  the  compass  card  was  unsteady  and  required 
sontie  time  to  come  to  rest,  because  the  south  pole  of  the 
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Table  69 — Continued.                                            1 
EXPERIMENT  17.                                                            1 
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he  south  pole  of  the  com- 
jrcs  of  the  circle,  col.  (i), 
jre  very  much  larger  and 
"Differences"  in  col.  (3). 
?  and  compass  arcs  before 
compensation — coliunn 


,     .  \:^s.orrAL  deviation  produced 

.  >ii'BNSATED. 

^..-^iT  r:  this  experiment  was  entirely 
.;;.^r!tnent  17.     Fig.  494  represents 


.^  .>v     Kxixjriment  18. 

.V  vutii^^i^  tubes — both  disturbing  (D) 
Tablo  70  gives  details  of  the  obser- 

^v   »vir  jrniphical  representation. 

".u*v"!^  after  compensation  show  that 
^  ivvuratcly  done  as  it  should  be  in 
iv*i*"t  for  illustrative  purposes,  which 
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EXPERIMENT     19: 


THE     HEELING     ERROR     PRODUCED     AND 
COMPENSATED. 


Compass  No.  62 ii,  which  was  in  every  respect  like  No. 
7860,  previously  described,  having  been  placed  on  the 
ScoRESBY,  the  vessel,  while  upright,  was  swung  until  the 
pointer  on  the  bow  successively  pointed  to  every  40*^ 
division  of  the  brass  circle  on  the  floor,  and  the  corre- 
sponding headings  by  the  compass  and  circle  were  noted 
and  recorded,  cols,  (i)  and  (2),  Table  71. 


Fig.  496. — Experiment  19. 

A  solid  steel  cylindrical  magnet  (the  disturbing  mag- 
net D  of  Fig.  496),  g\  inches  long  and  i\  inches  in  diam- 
eter, was  then  placed  above  the  compass,  its  axis  as  nearly 
as  possible  in  the  prolongation  of  the  compass-pivot,  and 


iu.L'srgArrOiV  of  the  deviations. 

Table  70. 
experiment  18. 
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Hading  by 
oompuaNo. 

h«di^y 

Heelipg 

produ'^bV 
dintorbing 

placed^u 

«.«d  in 

(J)  and  (a). 

Headings  by 
S^'"Fig.  4": 

Residual 
heeling 

penmtian : 

vessel 
h«ltd  io* 

of  q^n\ 
(j>and(8). 

Heading  by 
ccnnpcniatins 

SSL 

□FcdJ- 
i,mn.(j) 

(6) 

(T) 

IB) 

(0) 

(10) 

(!■) 

N.  19°  o*  E, 

2cf  15'  W. 

N.    i)°  o"  E. 

0°  15'  W. 

N.    4»  30-  E. 

O'45'E. 

N.  It   30  E, 

13      0  W. 

N.  10   45   W. 

0    45    W. 

N.   8  30  W. 

23   30  W. 

N.  30   30   W. 

I  30  w. 

N.  ,15    '5  W 

0   30  W. 

N.31   45  W. 

21      0  W. 

N-5'      0   W- 

I   45   W. 

N.61  30  w. 

11    IS  w. 

N.  71    30   W. 

2  15  w. 

N.  7S   30   W 

.  30  W. 

5,84     0  W. 

'    45   E. 

S-  87  45  w. 

a     0   W. 

S  51     0  W. 

13    '5   E. 

S.  67    0  w. 

I   45   W. 

S.   65     0   W 

.    45  W. 

a  .5  "5  w. 

JO     0  E. 

S.  46  30  w. 

I    .5  w. 

S.    J  45  W. 

22  45  E. 

S.  26   15  w. 

0  45  w. 

S.  IS     0  W 

0  45  W. 

S.  16  15  E. 

12     0  E. 

S.     6     0   W. 

0   15   W. 

S  3J    0  E. 

19  30  E. 

S.  14  30  E. 

I      0   E. 

S.  14  30  E. 

0     0 

&48  15  E. 

15    .5  E. 

S.  34  30  E. 

I    30   E. 

8.6J    0  E. 

11     0  E. 

S,  54     0  E. 

2     0  E. 

S.   54   45    E. 

0  45  E. 

S.  77  '5  E. 

5  45  E. 

S,  74     0  E. 

2   30  E. 

NHS  ,„  E. 

0  30  E. 

N.  8;     0  E. 

2     0  E. 

N.  85   15  E. 

.    .3  E. 

"75  45  E. 

6  45  W. 
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N.>9    0  E. 

20    .5  w. 
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the  north  (nearest)  end  1 1  inches  from  the  plane  of  the 
needles.  The  vessel,  while  upright,  was  again  swung,  col. 
(3),  to  ascertain  any  disturbing  effect  of  the  magnet  D 
from  not  being  in  line  with  the  pivot ;  the  results  are  given 
in  col.  (4). 

Without  moving  in  the  least  the  brass  arm  that  held 
the  magnet  D,  this  magnet  was  withdrawn  from  the  arm, 
and  together  with  al!  other  magnets  and  iron  were  removed 
to  some  distance  from  the  Scoresby. 

The  vessel  was  now  heeled  20°  to  starboard  and  swung, 
col.  (s). 

The  magnet  D  was  then  carefully  returned  to  its  brass 
arm  holder,  Fig.  496,  and  the  vessel  swung,  col.  (6) :  the 
heeling  deviations  to  the  high  side  thus  produced  by  D  are 
recorded  in  col.  (7),  and  are  represented  by  the  green 
curve  of  Fig.  497. 

A  compensating  magnet  C  in  every  respect  similar  to 
D  was  then  placed  symmetrically  to  D,  below  the  com- 
pass, its  north  (nearest)  end  12  inches  from  the  plane  of 
the  needles,  and  the  vessel  swung,  col.  (8).  A  comparison 
of  cols.  (5)  and  (8)  gives  the  residual  deviations,  col.  (9), 
after  compensation ;  they  are  represented  by  the  red  curve. 
Finally,  to  ascertain  the  effect  of  the  compensating  mag- 
net, due  to  want  of  verticality,  the  vessel  was  brought  .to 
upright,  the  magnet  D  removed,  and  the  vessel  swung, 
col.  (10),  a  comparison  of  which  with  col.  (a)  shows  the 
results  in  col.  (11). 
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PART  FOURTH. 

THE  MATHEM/tTIC/IL  THEORY  OF  THE 

DEVIATIONS. 


CHAPTER    XXI. 

HISTORICAL. 

281.  Present  conditions  producing  deviations. — In  Part 

Third  are  stated  the  varied  sources  of  deviation — iron  of 
different  susceptibihty  to  magnetism,  and  its  retentive- 
ness:  some — the  hull  itself— Hke  a  permanent  magnet 
whose  power  endures  with  little  change;  and  more — the 
wrought  and  cast  iron  which  is  like  a  sluice  to  water — 
chiefly  a  conduit  for  magnetic  flux,  without  retentive  power. 

If  the  flux  be  full  and  strong,  such  iron  will  become 
powerfully  magnetic — if  thin  and  weak,  feebly  so:  if  the 
iron  lies  horizontally,  the  deviations  from  it  will  have 
identical  character  and  value  in  all  parts  of  the  world;  but 
if  vertical,  they  will  differ  in  kind  from  the  preceding,  and 
be  one  thing  in  northern  latitudes,  and  another  in  southern. 

And  when  the  ship  heels,  iron  of  every  kind  produces 
new  disturbances,  additional  to  those  on  an  even  keel. 

Such  is  the  present  state  of  the  case,  but  it  was  not 
so  at  first ;  the  varied  sources  of  deviation  arose  gradually 
as  iron  was  introduced  into  ships;  and  the  unfolding  of 
the  laws  of  these  deviations  was  like  that  of  all  other 
phenomena — slow  and  tedious,  yielding  to  enquiry  only 
after  much  groping  and  some  wandering  from  the  right 
path,  even  by  investigators  of  the  greatest  ability. 

282.  Earliest  observations  of  the  deviations. — Prior  to 
1800,  it  had  been  observed  that  the  needle  on  ships  de- 
viated from  the  magnetic  meridian.  In  1666,  Guillaume 
Denys,  a  hydrographer  of  Dieppe,  France,  noticed  that  two 
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compasses  placed  in  different  parts  of  a  ship  did  not  agree — 
that  something  in  her  structure  affected  them.  In  1691-93, 
"William  Dampier,  R.N.,  in  an  account  of  his  voyage,  states 
that  he  was  puzzled  at  certain  anomalies  in  the  amount 
of  the  variation  of  the  compass  on  passing  the  Cape  of 
Good  Hope.  During  the  voyage  of  Captain  James  Cook, 
R.N.  (1776-80),  the  astronomer  of  the  expedition,  WilUam 
Wales,  notes  that  "variations  observed  with  the  ship's 
head  in  different  positions,  and  even  in  differertt  parts  of 
her,  will  materially  differ  from  one  another,  and  much  more 
will  observations  observed  on  board  different  ships,"  And 
in  1794,  Mr.  Downie.  R.N,,  master  (navigator)  of  H.M.S. 
Glory,  in  a  report  on  a  newly  invented  compass,  observes 
that  "the  quantity  and  vicinity  of  iron  in  most  ships  has 
an  effect  in  attracting  the  needle;  for  it  is  found  by  ex- 
perience that  the  needle  will  not  always  point  in  the  same 
direction  when  placed  in  different  parts  of  the  ship;  also, 
it  is  rarely  found  that  two  ships  steering  the  same  course 
by  their  respective  compasses  will  go  exactly  parallel  to 
each  other ;  yet  these  compasses,  when  compared  on  board 
the  same  ship,  will  agree  exactly." 

These  were  the  first  ghmmerings  of  a  condition  that 
to-day  has  reached  the  largest  and  most  important  pro- 
portions; they  were  isolated  observations,  however,  of  a 
mere  fact,  without  pursuit  of  its  ramifications  or  enquiry 
into  its  meaning. 

283.  Discovery  of  the  semicircular  deriatioD,  and  the 
neutral  line  of  ships. —  Between  1801  and  1803,  Captain 
Matthew  Flinders,  R.N'.,  made  a  cruise  in  H.M.S.  Investi- 
gator to  Australia.  He  knew  of  the  effect  of  iron  upon- 
the  compass,  and  set  about  ascertaining  its  laws.  While 
in  northern  latitudes,  he  found  that  the  deflection  was 
greatest  on  easterly  and  westerly  courses,  gradually  de- 
creased as  the  ship  swung  toward  either  north  or  south, 
and  disappeared  on  those  points — in  fact,  a  deviation  of 
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the  semicircular  type ;  on  reaching  the  Magnetic  Equator, 
the  deviation  vanished  on  every  course,  reappeared  in 
southern  latitudes,  but  in  reverse  order;  so  that,  whereas 
in  north  latitude,  upon  the  sliip  swinging  from  N.  toward 
E.,  the  first  maximum  occurred  at  east  and  the  second  at 
west,  now  the  first  was  at  west  and  the  second  at  east.  He 
inferred^and  rightly^ — that  the  phenomenon  was  a  func- 
tion of  the  Dip:  that  the  iron  (in  all  probability  vertical 
wTought-iron  stanchions)  became  magnets  through  induc- 
tion of  the  Earth's  vertical  component,  and  so  acquired 
an  upper  pole  of  one  name  in  northern  latitudes— lost 
this  end  polarity  on  the  Magnetic  Equator  (where  there  is 
no  vertical  component) — and  regained  end  polarity  of 
opposite  name  in  southern  latitudes.  The  stanchions,  no 
doubt,  were  symmetrically  located  with  respect  to  a  cen- 
tral vertical  section,  and  thus  their  magnetic  pull  was  fore- 
and-aft. 

In  Captain  Flinders'  ship — a  wooden  sailing  vessel — 
the  maximum  deviation  was  only  a  few  degrees:  he  pro- 
posed to  correct  it  by  means  similar  to  the  cause^vertical 
iron ;  and  thi^  is  the  origin  of  the  Flinders  bar  used  at  the 
present  day. 

By  trial  with  a  compass  in  \-arious  parts  of  the  ship, 
he  also  foimd  that  she  had  a  tieuiral  line,  in  which  it  were 
best  to  fix  the  compass,  and  thus  avoid  both  the  ailment 
and  its  remedy — adWce  which  it  is  even  more  important 
to  follow  now. 

284.  The  quadrantal  deviation  predicted.  —  Tlie  next 
advance  in  knowledge  of  the  deviations  was  prompted  by 
observations  in  Arctic  whaling  grounds. 

William  Scoresby  was  bom  in  England  in  1789  and 
died  in  1857:  his  father  commanded  a  whaler,  and  the 
son  accompanied  him  to  sea  at  the  age  of  eleven,  going  on 
this  voyage  to  the  highest  latitude  then  reached,  81°  13' 
north.     For  many  years  the  son  cruised  in  Arctic  regions 
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as  a  subordinate  and  in  command  of  ships;  then  he  left 
the  sea  and  entered  the  ministry,  where  he  acquired  the 
distinction  of  doctor  of  divinity;  but  it  was  through  his 
magnelical  investigations,  relating  mostly  to  ships  (which 
he  continued  even  in  his  new  calling)  that  he  became  so 
widely  known.  • 

Dr.  Scoresby  was  struck  by  the  large  deviations  he 
regularly  experienced  in  high  latitudes:  other  Arctic  na\-i- 
gators — Ross,  Parry,  and  Sabine  {1818-24)— observed  the 
same  thing,  but  it  does  not  appear  that  they  divined  the 
cause :  that  was  done  by  Dr.  Thomas  V'oung.  the  founder 
of  the  Undulatory  Theory  of  Li^ht.  who  stated  that  they 
were  due.  partly  to  the  diminished  (horizontalt  directive 
force  of  the  Earth  in  Polar  regions,  and  partly  to  the  in- 
creased induction  by  the  vertical  component. 

Furtliermore,  he  treated  of  the  effect  of  horizontal  iron 
and  predicted  quadrantal  errors  arising  therefrom;  and 
this  is  the  first  mention  of  this  type  of  deviation:  in  view 
of  the  use  of  iron  as  deck  beams,  anchor  cables,  screw 
shafts,  engines  and  boilers,  then  successively  coming  into 
vogue,  it  was  a  most  valuable  prognosis. 

About  1820,  Prof,  Peter  Barlow  investigated  the  devia- 
tions both  experimentally  and  mathematically,  and  pro- 
posed a  method  of  compensation  that  was  followed  for  a 
time,  but  proving  inadequate,  especially  in  the  new  con- 
ditions of  ship  construction,  it  fell  into  disuse.  His.  how- 
ever, was  a  painstaking  effort  which  added  much  that  was 
enlightening  and  accurate  to  the  general  knowledge  of  the 
subject :  and  if  his  method  of  compensation  failed,  it  was 
not  without  benefit,  for  it  spurred  others  on  in  the  enquiry, 

385.  Poisson's  Theory  of  the  DeviatlOEs.— The  eminent 
French  mathematician  and  philosopher  Poisson  next 
attacked  the  subject  in  all  its  generality.  Between  1824 
and  1830,  he  communicated  J;o  the  French  Academy  of 
Science  several  memoirs  containing  both  his  mathematical 
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theory  of  transiently  induced  magnetism  (based  on  the 
physical  theory  of  Coulomb)  and  his  Theory  of  the  Devia- 
tions of  the  Compass  produced  by  the  iron  of  Ships. 

"After  developing  the  theory  of  magnetic  attractions 
and  repulsions,  and  thereon  establishing  general  equations, 
containing  the  laws  alike  of  the  distribution  of  magnetism 
in  the  interior  of  bodies  magnetized  by  induction  from 
other  bodies,  and  of  the  attractions  and  repulsions  which 
such  bodies  exert  on  points  in  given  positions,  he  then  dis- 
cussed those  equations  for  the  particular  case  of  a  sphere, 
solid  or  hollow,  and  by  supposing  the  Earth  to  be  an  in- 
ductive body,  he  deduced  the  deviations  of  a  compass- 
needle  for  different  positions  in  the  vicinity  of  such  a  sphere. 
thus  magnetized  by  the  Earth.  ...  He  finally  considered 
the  simultaneous  magnetic  actions  on  a  horizontal  needle, 
of  the  Earth  directly,  and  of  any  numljer  of  spherical 
masses  rendered  magnetic  by  the  inductive  action  of  the 
Earth,  but  supposed  uninfluenced  by  each  other's  mag- 
netic action ;  whence  he  passed  by  an  easy  inference  to 
those  general  formulas  for  the  disturbing  action  on  a  mag- 
netic needle  c/  any  system  of  bodies  magtteU'::ed  by  induction 
from  the  Earth,  -whatever  their  respective  forms  or  relative 
positions,  and  while  supposed  to  be  influenced  by  their  ourti 
mutual  magnetic  actions,  which  have  generally  furnished 
the  point  of  departure  for  succeeding  investigations  on 
the  Theory  of  Compass  Deviations.  ...  In  Poisson's 
investigation,  though  recognizing  the  possible  existence 
of  a  certain  degree  of  coercive  force,  and  therefore  of  polar 
magnetism  in  the  iron  of  a  ship,  and  indicating  the  steps 
to  be  taken  for  introducing  this  element  among  the  other 
data  of  the  problem,  he  yet  omitted  its  actual  considera- 
tion on  grounds  of  expediency,  it  would  appear,  partly  in 
view  of  its  being  then  presumed  very  small  in  amount, 
and  partly  from  the  desire  to  avoid  any  unnecessary  com- 

ition  of  the  solution.     This  restriction,   not  inappli- 


228  HISTORICAL. 

cable  to  the  state  of  naval  construction  at  that  time,  espe- 
cially in  France,  could  not,  of  course,  continue  to  be  ad- 
missible after  the  era  of  the  use  of  iron  in  ship  building, 
or  even  in  the  heavy  machinery  of  steam  vessels  with 
wooden  hulls.  .  .  .  Poisson  further  restricts  his  enquiry 
by  the  supposition  ordinarily  made  by  subsequent  writers, 
that  the  distances  of  the  masses  of  iron  from  the  compass 
are  sufficiently  great,  relatively  to  the  length  of  the  needle 
for  the  influence  of  the  latter  to  be  neglected. 

"  It  may,  however,  be  observed,  that  he  specially  inves- 
tigated the  necessary  correction  of  the  compass  deviation 
so  influenced,  in  his  first  memoir  of  1824. 

"He  considered  in  the  same  memoir  the  reaction  of  a 
disturbing  mass  on  the  needle  consequent  upon  the  reflex 
action  of  the  latter,  which  he  also  neglects,  in  the  present 
investigation,  as  being  practically  insignificant. 

"  Both  of  the  suppositions  of  this  paragraph  are  in- 
volved in  the  general  formula:  for  the  disturbing  action  on  a 
magnetic  needle  in  the  memoir  of  1824,  previously  referred 
to.  .  .  . 

"The  investigations  on  compass  deviations  since  the 
date  of  Poisson's  last  memoir  (1838),  commencing  with 
Prof.  Airy's  first  paper  in  i"839,  have  steadily  advanced 
toward  establishing  a  comprehensive  and  available  theory 
in  all  that  relates  to  this  subject.  Starting  with  the  recog- 
nized necessity,  in  the  actual  condition  of  the  problem, 
of  appreciating  and  at  once  allowing  for  the  dominating 
influence  of  polar  magnetism,  as  compared  with  the  mag- 
netism induced  in  the  soft  iron,  they  were  compelled  to 
deal  with  the  very  element  which  Poisson.  at  his  stand- 
point, was  justified  in  disregarding.  This  immediately 
changed  the  whole  aspect  of  the  question.  For.  with  the 
complex  conditions  thus  introduced,  and  the  more  exact- 
ing requirements  of  experience  in  their  practical  treat- 
ment, came  the  necessity  for  constantly  aiming  at  the  com- 


plete  analysis  of  the  magnetic  phenomena  of  ships."  (Prof. 
B.  F.  Greene,  U.  S.  Navy,) 
t  "  M.  Poisson  gives,  to  express  the  action  of  the  soft  iron 
i  on  the  compass,  formula;  involving  coefficients  to  be  deter- 
t mined  by  observation;  and  he  has  adapted  the  formul:? 
{to  observations  made  on  shipboard  sufficient  in  number  to 
*  determine  the  coefficients  in  the  particular  case  of  the 
soft  iron  being  symmetrically  placed.  The  present  writer 
afterwards  modified  Poisson's  formula;  so  as  to  adapt 
them  to  the  form  in  which  the  data  generally  present  them 
selves,  viz..  a  vessel  having  hard  as  well  as  soft  iron— both 
unsymmetrically  distributed — ^nd  observations  bemg  made 
in  a  certain  number  of  equidistant  points."  (Mr.  Archi- 
bald Smith.) 

286.  An  account  of  the  author  who  modified  Poisson's 
theory. — By  a  natural  step,  we  now  come  to  the  man  who 
amplified  and  perfected  Poisson's  theory  as  it  practically 
exists  to-day,  and  it  would  seem  that  those  who  daily 
direct  their  course  by  the  results  of  his  labor  should  know 
something  more  of  him  than  as  the  author  of  the  Admiralty 
Manual:  I  therefore  present  a  few  facts  of  his  life,  based 
on  the  obit^mry  written,  at  the  time  of  his  death,  by  Lord 
Kelvin. 

Mr.  Archibald  Smith  was  bom  in  Glasgow,  Scotland, 
August  10,  1813,  and  died  December  26,  1872,  His  father 
was  connected  with  the  University  of  Glasgow,  and  there 
the  son  was  educated  after  preliminary  training;  later, 
he  completed  a  course  at  Cambridge  and  took  the  highest 
honors  in  mathematics,  being  wliat  is  technically  known 
as  Senior  Wrangler. 

His  tastes  were  decidedly  scientific  and  mathematical, 
though  he  was  also  an  accomplished  classical  scholar; 
but  he  followed  neither  bent — he  chose  the  legal  pro- 
fession. He  passed  much  time,  however,  on  intricate 
problems  of  mathematics,  particularly  on  the  Theory  of 
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cable  to  the  state  of  naval  construction  at  that  tim 
cially  in  France,  could  not,  of  course,  continue  to 
missible  after  the  era  of  the  use  of  iron  in  ship  b' 
or  even  in  the  heavy  machinery  of  steam  vesse 
wooden  hulls.  ,  .  .  Poisson  further  restricts  his  ( 
by  the  supposition  ordinarily  made  by  subsequent  ' 
that  the  distances  of  the  masses  of  iron  from  the  c 
are  sufficiently  great,  relatively  to  the  length  of  the 
for  the  influence  of  the  latter  to  be  neglected. 

"It  may,  however,  be  observed,  that  he  specially 
tigated  the  necessary  correction  of  the  compas^ 
so  influenced,  in  his  first  memoir  of  1824. 

"He  considered  in  the  same  memoir  the  1 
disturbing  mass  on  the  needle  consequent  upoid 
action  of  the  latter,  which  he  also  neglects,  in  | 
investigation,  as  being  practically  insignificant. 

"  Both  of  the  suppositions  of  this  paragrJ 
volved  in  the  general  formula  for  the  disturbii: 
magnetic  needle  in  the  memoir  of  1834,  previ' 
to.  .  .  . 

"The  investigations  on  compass  deviai 
date  of   Poisson's   last  memoir   (1838),   cin 
Prof.   Airy's  first  paper  in    1839,   have  s;- 
toward  establishing  a.  comprehensi^'e  and 
in  all  that  relates  to  this  subject,     Starriit, 
nized  necessity,  in  the  actual  conditio; 
of  appreciating  and  at  once  allowing  J 
influence  of  polar  magnetism,  as  conlpM 
nctism  induced  in  the  soft  iron,  tlu 
deal  with  the  very  element  which  ] 
point,    was    justified    in    disregai 
changed  the  whole  aspect  of  the  J 
complex  conditions  thus  introdltl 
ing  requirements  of  experiej 
ment,  came  the  necessity  fc^O 
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swinging  and  intensity  experiments,  and  they  "deter- 
mined that  the  interior  of  an  iron  vessel  acted  upon  the 
compass  as  a  permanent  magnet."     (Phil.  Trans.,  1839.} 

The  outcome  of  his  experiments  was  an  elaborate  math- 
ematical treatment  of  the  subject  and  the  practical  com- 
pensation of  the  deviations:  the  former  seems  to  have 
been  soon  lost  to  view  in  the  general  acceptance  of  the 
theory  of  Poisson  and  Smith ;  but  the  method  of  com- 
pensation became  very  popular  and  was  extensively  used 
in  the  mercantile  marine. 

Prof.  Airy  brought  the  pennanent  magnetism  of  ships 
into  bold  view;  indeed,  he  deemed  it  so  largely  the  source 
of  semicircular  deviation,  as  to  disregard  fas  practically 
unimportant)  the  part  due  to  vertical  soft  iron:  it  is  not 
quite  as  he  stated,  that  "the  correction  of  the  semicircular 
deviation  made  by  fixed  magnets  in  one  latitude  will  be 
perfectly  correct  in  every  other  latitude."  (Results  of 
exp.,  etc.;  Weale,  1840.) 

But  about  this  time,  "permanent"  and  "  sub-permanent" 
magnetism  were  hazy  conceptions  in  the  scientific  mind ; 
also,  the  entire  absence  of  connection— as  to  their  respective 
effects— between  horizontal  and  vertical  soft  iron  was  not 
fully  appreciated;  and  indeed  the  whole  subject  was  so 
thick  with  indefinite  notions  that  the  surprise  is,  not  that 
men  made  mistakes,  but  that  they  saw  so  clearly.  While 
it  is  one  thing — as  critics  have  done  in  this  and  olher  mat- 
ters—to take  a  retrospective  view  of  the  whole  field  and 
separate  the  true  from  the  faulty,  it  is  quite  another  to 
labor  successfully  in  that  field  when  all  was  confusion 
and  pitfalls. 

Iron  was  rapidly  replacing  wood  in  the  hulls  of  ships, 
and  when  it  was  seen  that  the  compass  erred  more  and 
more  in  its  new  abode,  those  who  had  to  go  to  sea  in  such 
ships  naturally  lost  heart;  it  was  therefore  a  most  signal 
service  that  Prof.  Airy  rendered  by  his  method  of  com- 
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pensation:  this  consisted  in  neutralizing  the  semicircular 
(le\'iation  by  two  steel  magnets  fastened  to  the  deck  at 
distances  found  by  trial — one  athwartships  and  the  other 
fore-and-aft-^near  the  compass;  and  overcoming  the 
quadrantal  de\'iation  by  boxes  of  chain,  nails,  or  other 
soft  iron,  suitably  placed:  it  is  in  essence  the  method  of 
compensation  at  the  present  day. 

It  was  i/Drd  Kelvin,  1  believe,  who  replaced  the  bars 
by  bundles  of  wires  and  the  chain  by  spheres:  his  other 
valuable  appliances  for  practically  dealing  with  the  devia- 
tions as  well  as  his  theoretical  contributions  to  magnetic 
science  are  too  well  known  to  require  further  mention. 

Prof.  Airy  also  ui^ed  the  magnetic  examination  of 
every  new  iron  ship,  not  only  as  a  precaution  for  her 
safety  but  also  to  afford  material  for  investigation  of  the 
subject. 

3S8.  The  feature  of  sub-permaaent  magnetism  found. 
Hut  iron  ships  even  with  compensated  cwnpasses  continued 
to  come  to  grief,  and  enquiry  arose  as  to  the  cause :  Dr. 
Scoresby  led  the  way  in  ascribing  it  to  a  change  in  the 
original  magnetism  of  the  ship— that  it  was  partly  shaken 
out  by  buffeting  of  the  waves  on  her  first  trip,  and  that 
then  the  compensating  magnets  had  an  opposite  and  un- 
known effect. 

This  position  was  fidly  warranted  by  his  early  sea 
experience  coupled  with  the  trials  he  had  made  of  plates 
of  iron  to  determine  the  manner  in  which  they  would 
acquire  and  retain  the  magnetic  condition. 

Prof.  Airy  refuted  Dr.  Scoresby's  contention  in  the 
measure  it  was  asserted,  and  an  earnest  controversy  arose 
between  them,  which  lasted  many  months:  then  it  sub- 
sided, "imtil  attention  was  once  more  called  to  it  by  a 
fearful  calamity.  A  new  iron  ship,  the  Tavleuh,  of  3,000 
tons  burden,  sailed  from  Liverpool  with  emigrants  in  the 
year  1854.     Before  departure,  she  had  been  swung  and 
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disclosed  very  large  deviations  —  the  steering  compass, 
60°  max. 

'"  Like  all  very  large  deviations,  this  undoubtedly  was 
lor  the  most  part  due  to  the  inherent  (and,  as  was  sup- 
posed, the  permanent)  magnetism  of  the  ship. 

"  A  correction  by  magnets  was  applied  in  the  usual 
way,  and  the  compass  made  to  give  tolerably  correct  in- 
dications; in  this  trim  she  sailed.  In  going  down  the 
Channel,  she  experienced  severe  weather,  and  within  two 
days  alter  leavmg  port,  was  wrecked,  with  great  loss  of 
hfe,  on  the  coast  of  Ireland.  An  enquiry  into  the  disaster 
seemed  to  point  to  a  grave  compass  error  as  the  cause,  and 
Dr.  Scoresby  called  attention  to  the  fact  that  the  disaster 
might  be  accounted  for  on  the  hypothesis  that  a  large 
portion  of  the  magnetism  had  been  shaken  out  of  her  dur- 
ing those  two  days.  If  this  had  happened,  it  was  shown 
that  the  compensating  magnets  must  have  over-corrected 
the  compass,  and  produced  an  error  of  precisely  such  a 
'  kind  as  would  have  led  her  to  the  point  where  she  struck, 
when  she  was  believed  to  have  abundance  of  sea  room. 
If  Dr.  Scoresby's  hypothesis  was  correct  (and  the  evidence 
in  support  of  it  was  very  cogent)  an  entirely  new  and  very 
alarming  quality  of  iron  ships  had  been  revealed:  that 
the  magnetism  could  be  shaken  out  to  some  extent  was 
generally  admitted,  but  it  was  a  startling  novelty  to  be 
told  that  two  days'  straining  in  a  heavy  sea  could  cause 
such  change  as  to  be  equal  to  two  points  of  deviation,  as 
appeared  to  be  the  case  with  the  Tayleur. 

'Dr.  Scoresby's  explanation  was  received  with  sur- 
prise by  all.  and  with  incredulity  by  many.  Mr.  Airy  did 
not  hesitate  to  pronounce  it  impossible  that  so  rapid  a 
change  could  ha\"e  occurred,  and  perhaps  it  must  be  re- 
garded as  doubtful  whether  it  did.   .   .   . 

"Dr.  Scoresby  took  advantage  of  the  sailing  of  another 
new  iron  vessel — the  Royal  CuARXER^to  make  a  voyage 
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of  many  were  kept  up  during  voyages  to  southern  lati- 
.tudes. 

'  All  this  was  supplemented  by  observations  on  ships 
iOf  the  British  Navy  by  Captain  F.  J.  Evans,  R.N.  From 
'all  the  facts  deduced,  the  following  points  were  considered 
'established:  ist,  that  the  magnetism  of  iron  ships  is  dis- 
tributed according  to  precise  and  well-detemiined  laws; 
2d,  that  a  definite  magnetic  character  is  impressed  on 
every  iron  ship  while  building,  which  is  never  afterwards 
entirely  lost ;  3d,  that  a  considerable  reduction  takes  place 
in  the  magnetism  of  an  iron  ship  just  after  completion, 
but  that  subsequently  any  change  in  its  direction  or 
amount  is  slow  and  gradual;  4th,  that  the  original  mag- 
netism of  an  iron  ship  is  constantly  subject  to  small  fluc- 
tuations from  change  of  latitude  arising  from  new  mag- 
netic inductions. 

Subsequent  experience — both  varied  and  abundant — 
has  confirmed  these  conclusions. 

The  credit  of  discovering  that  the  distinctive  magnetic 
character  of  an  iron  ship  depends  upon  her  compass  head- 
ing on  the  stocks  is  due  jointly  to  Captain  Edward  John- 
son, R.N.,  and  Dr.  Scoresby:  the  former,  in  1835,  in  his 
report  of  the  first  iron  ship  ever  swung,  says:  "As,  in  the 
construction  of  iron  vessels,  hammering  the  numerous 
rivets  might  eHcit  magnetic  influences,  it  would  be  well 
to  note  by  compass  the  direction  of  their  heads  and  stems 
when  building,  with  a  view  of  ascertaining  whether  any 
distmct  magnetic  properties  indicated  by  those  parts  are 
due  to  the  line  of  direction  of  the  vessel  with  respect  to  the 
magnetic  meridian";  and  Dr.  Scoresby,  long  previous  to 
the  formation  of  the  Liverpool  Committee,  had  made 
many  experiments  and  written  much  regarding  the  same 
point.  The  committee's  enquiry  only  confirmed  his 
theory. 

The  fact  that  a  ship  loses  much  of  her  magnetism  dur- 
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ing  the  first  voyage  must  also  be  credited  to  the  observation 
of  Dr.  Scoresby. 

290.  Various  European  contributions  to  knowledge  of 
the  deviations. — The  foregoing  were  the  principal  investi- 
gators of  the  Deviations;  but  others  added  to  the  general 
knowledge,  without  whose  contributions  the  Mathematical 
Theory  would  not  be  what  it  is — the  embodiment  of  the 
conditions  under  which  deviations  arise,  and  a  practical 
instrument  for  analyzing  those  conditions.  I  will  there- 
fore briefly  mention  those  of  whom  I  have  knowledge  as 
having  contributed  to  the  subject. 

Captain  F.  J.  Evans,  R.N.,  for  many  years  Superin- 
tendent of  Compasses,  had  extensive  experience  with  the 
deviations  of  ships  of  the  British  Navy ;  he  and  Mr.  Archi- 
bald Smith  were  joint  authors  of  the  Admiralty  Manual 
of  Deviations — to  name  which  is  alone  sufficient  testi- 
mony of  Captain  Evans'  contributions. 

Captain  A.  Collet,  of  the  French  Navy,  was  connected 
with  the  Marine  of  France  in  a  capacity  similar  to  the  pre- 
ceding: he  incorjrarated  some  of  the  Admiralty  Manual 
in  a  French  Treatise,  but  surrounded  the  bare  mathematical 
structure  with  such  ample  and  original  explanation  as  to 
render  it  attractive  and  easily  intelligible. 

Another  French  writer — M.  Gaussin,  de  I'EcoIe  du 
Genie  Maritime — added  an  important  fact  to  the  general 
fund :  it  is  that  the  horizontal  soft  iron  of  the  ship  not  being 
really  as  susceptible  to  magnetism  as  theory  contemplates, 
does  not,  during  the  swinging,  especially  when  rapid, 
acquire  the  degree  of  magnetism  proper  to  the  actual 
heading  of  ^he  ship,  but  that  of  some  previous  instant; 
in  other  words,  there  is  a  retard  of  induction. 

Mr,  Archibald  Smith  adapted,  certain  geometrical  prin- 
ciples to  a  graphic  method,  to  which  he  gave  the  name  of 
Dygogram ;  but  it  is  to  Captain  Colongue,  of  the  Imperial 
Russian  Navy,  that  the  simpHfication  of  the  Dygogram  is 
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due,  which  renders  it  most  useful  to  navigators.  Mr. 
Eugen  Gelcich,  of  Austria,  is  the  author  of  a  mathematical 
Treatise  on  the  subject:  it  contains  original  views. 

No  doubt  other  European  writers  have  contributed 
to  the  general  knowledge  of  the  deviations,  but  with  their 
works  I  am  not  acquainted. 

391.  Americao  cootributions  to  knowledge  of  the  Devia- 
tions.— In  this  country,  Rear-Admiral  John  A.  Howell, 
U.S.N.,  has  bridged  some  wide  gaps  in  the  mathematical 
formulas,  and  thus  made  them  passable  to  those  not  so 
well  equipped  for  long  striding  in  this  field  as  the  original 
authors  of  the  Theory  were. 

The  Office  of  Superintendent  of  Compasses  for  our  Navy 
was  established  by  Prof.  B.  F.  Greene,  U.S.N..  who  by  his 
writings  disseminated  much  valuable  information  among 
the  officers  of  the  Service  regarding  the  compass  and  its 
deviations  on  iron  ships.  Upon  his  retirement  at  the  age 
limit,  the  Office  practically  lapsed  into  abeyance  for  some 
time:  in  i88r,  the  writer  of  this  Treatise  revived  it  and 
performed  the  duties  for  four  years;  then,  in  the  natural 
order,  other  line-officers  of  the  Navy  filled  the  place,  each 
contributing  to  the  advancement  of  the  subject. 

Conspicuous  among  them,  however,  has  been  Com- 
mander S.  W.  B.  Diehl,  U.S.N. — who  at  first  was  associated 
with  the  writer  in  the  Office,  and  who  subsequently  was 
Superintendent  for  many  years:  during  his  time,  the  ships 
of  our  Navy  rapidly  changed  from  a  wooden  fleet  under  sail 
and  steam  to  complicated  Battleships  of  huge  dimensions 
and  armament;  iron  anrl  steel  became  the  sole  environ- 
ment of  the  compass,  and  many  questions  arose  regarding 
the  suitable  location  and  proper  compensation  of  the 
compass.  Commander  Diehl  met  them  successfully — sub- 
jecting everything  to  test  on  the  Scoresby,  so  that  it  bore 
the  stamp  of  prudent  and  careful  experiment. 
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3ium  of  9°.     The  factors  involved  in  these 
B  different  kinds  of  iron  in  different  ships,  and 
fbf  the  Earth's  vertical  induction  and  directive 


f  reference  to  Plates  S  and  T,  it  will  be  seen  that 
js.    435   and   439,   at    (a)   and    (17)    respectively, 
:  positions  of  horizontal  soft  iron  in  which  it 
i  effect  on  the  compass :  it  may  not  itself  produce 
deviation,  but  its  poles  act  upon  like  poles 
lie — lessen  .the  directive  force^and  thereby  give 
a  to  other  deviating  causes. 
[  Theory  considers  the  horizontal  soft  iron  perfectly 
meable  to  magnetism ;   but  the  fact  is,  that  it  has 
grees  of  hardness  which  prevents  instant  induc- 
;  is  a  lag,  so  that  a  ship  swinging  with  the  star- 
rclm  will  have  deviations  different  from  those  with 
;  helm,  and  this  the  greater  in  amount,  the  more 
3  swing  to  one  side  than  the  other. 
Ships  moored  at  a  dock,  riding  to  a  constant  wind, 
steering  tlie  same  course — in   fact,   any  situation  in 
Ivhich  they  continue  in  the  same  general  direction,  acquire 
tfi  temporary  charge  of  magnetism  that  is  due  entirely  to 
I'this  circumstance:  it  dissipates  soon  after  change  of  head- 
ling,  but  constitutes  a  veritable  disturbance  while  it  lasts. 
■  The  longer  the  ship  is  in  the  same  position,  the  greater  will 
I  be  the  charge.     I  am  rchably  informed  that  iron  vessels 
J  at  the  wharves  of  New  York  find  a  deviation  of  about 
'  from  this  cause,  which  disappears  soon  after  going  to 
The  converse  of  this  should  be  a  note  of  warning  to 
lose  approaching  this  port:   coming  from  the  southward 
r  eastward,  the  ship  is  days  on  the  same  general  course ; 
lagnetic  induction  is  active,  with  the  shock  of  waves  and 
I  vibration  of  the  screw  to  assist  it ;  and  deviations  which  the 
I  ship  did  not  have  on  saihng,  will  be  foimd  at  the  end  of  the 
Errors  from  this  source  are  not  indicated  by  the 
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Fio  498  —Deviations  of  the  Standard  Compass  of  the  U.  S.  S.  Atlanta. 
Curves  natural  siie.  Red  ■=  before  firing  the  battery  and  before 
compensation;  Black  =■  afu-r  firing  the  battery  and  before  t 
pensation;  Green  -^  after  compensation. 


I  DEVK 

WE 


FROM  0  NORTH  TO  180   SOUTH        FROM  IBO' SOUTH  TO 

DEVIATION  ( 


Fin.  499. — Devialions  of  the  Steering  Compass  of  the  U.  S.  S.  Atlakt*. 
Curves  natural  size.  Red  —  6e/ors  firing  battery  and  before  com- 
[wnsalion:  Black  -=  ajler  tiritig  battery  and  before  compensation; 
Green  "  after  compensation. 

(ro  iBv-f  bock  of  FU-  *rf.) 
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arant  peut  produire,  sur  iin  compas  plac^  a  neuf  metres, 
e  deviation  de  7°  30'.  Comme  cette  erreur  se  produit 
ilement  pendant  I'eclairage  et  que  les  observations  qui 
rmittent  de  rfegler  et  de  compenser  les  compas  ont  lieu 
iinairenient  le  jour,  on  voit  qu'il  peut  se  passer  un  cer- 
m  temps  avant  que  le  capitaine  puisse  ^tre  prcvenu  et 

m^fier  d'une  erreur  aussi  considerable  et  aussi  dange- 
ise  puisqu'elle  n'affectera  la  route  que  pendant  quel- 
es  heures  de  nuit,  II  faudra  done,  toutes  les  fois  qu'on 
t  usage  k  bord  d'une  machine  k  courant  continu,  avoir 
in  de  la  munir  de  deux  fils,  places  Tun  pres  de  I'autre. 

faudra  de  plus  s'assurer,  de  temps  k  autre,  que  I'isole- 
mt  de  ces  deux  fils  est  parfait,  parce  qu'un  d^faut  d'isole- 
ait  insuffisant  pour  produire  une  diminution  sensible 
lumi^re  pourrait  produire  cependent  une  erreur  com- 
rable  a  celle  provenant  de  I'emploi  d'un  seul  fil.  Quand 
I  emploie  au  contraire  une  machine  a  courants  altematifs, 
ftme  k  un  seul  fil,  il  n'y  a  rien  a  craindre  pour  le  com- 
is."     (Capitaine  A.  Collet,  de  la  Marine  Fran^aise.) 

"The  field  of  a  dynamo  disturbed  a  compass  on  board 
I  armor-plated  ship  at  a  distance  of  37  feet,  although  in 
I  intervening  space  there  was  an  iron  bulkhead,  a  steel 
Kk  two  to  three  inches  thick,  and  a  second  deck,  partly 

steel  \  inch,  thick. 

"The  system  of  double  wires  should  be  employed,  to 

Did  the  disturbing  magnetic  effects  of  single  wires  on 

a  compass."     (Admiralty  Manual.) 

]         Lightning  is  a  source  of  error  in  both  ship  and 

compass  by  deranging  the  magnetism  of  the  fonner 

d  reversing  that  of  the  latter.     It  is  of  record  that  "  dur- 

ff  the  years  1892-93,  both  the  steamship  Capella  and 

U.S.  Raleigh  were  struck  by  lightning,  causing  con- 

Lerable  change  in  the  magnetism  of  those  ships."     (Capt. 

J.  Evans,  R.N.) 

"M,  Arago  cite  un  vaisseau  g^nois  qui  croyant  marcher 
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vers  le  nord,  vint  se  briser  sur  la  c6te,  pres  d'Alger,  les 
pdles  de  sa  boussole  ayant  iiXA  renversfe  par  un  coup  de 
foudre."     (Daguin,  Physique.) 

[9.]  In  Art.  87  will  be  found  some  information  relative 
to  ridges  of  magnetic  ore  and  submerged  rocks,  and 
a  few  well-authenticated  instances  of  the  latter  ha\Tng 
greatly  affected  the  compass;  indeed  it  is  entirely  reason- 
able that  such  should  be  the  case. 

[to.]  Whether  a  telescopic  smoke-stack  be  up  or  down; 
a  heavy  gun  run  in  or  out,  or  variously  trained; 
stands  of  rifles  in  place  or  in  use :  wire  pendants  dangling 
loosely  or  stopped  to  the  side;  large  cranes  swung  out  for 
lowering  boats  or  not: — ail  this  periodic  movement  of 
such  masses  of  iron  in  vicinity  of  the  compass  constitutes 
sources  of  error  of  different  degrees,  which  can  be  deter- 
mined only  by  experiment  with  the  articles  in  the  varied 
positions  they  may  occupy.  An  instance  is  recorded  of  a 
difference  of  16°  in  the  deviations  with  the  snioke-stack 
first  up  and  then  down. 

tii.]  It  should  occur  to  every  one  whose  duties  bring 
him  near  the  compass  that  all  articles  of  iron  and 
steel  on  his  person  are  magnetic  and  therefore  liable  to 
produce  error:  the  bayonet  of  a  sentry;  the  cutlass  of  a 
quartermaster;  the  spring  in  the  helmsman's  cap;  the 
steel-rimmed  eye-glasses  of  an  officer,  or  his  galvanized 
trumpet: — may  be  brought  near  enough  to  the  card  to 
disturb  it  temporarily.  Rubbing  the  glass  cover  of  the 
bowl  with  a  silk  or  woolen  cloth  \vill  excite  electric  currents 
in  the  glass  which  deflect  tfte  needle :  they  may  be  dissipated 
by  moistening  the  glass. 

[la.]         Many  of  the  foregoing  errors  cannot  be  avoided 

or  compensated ;    they  can  only  be  determined  by 

,  observation  and  corrected  from  tabulation;    ceaseless  vig- 

1  ilance  by  daily  azimuths  on  the  few  courses  likely  to  be 

[  run  each  day  is  the  only  safeguard  against  danger. 
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393.  Waves  of  air  that  produce  musical  sounds  illustrate 
waves  of  ether  that  cause  deviations. — Motion  of  a  mag- 
netic body  will  be  found  at  the  bottom  of  nearly  every 
cnmpass  disturbance,  and  this  motion  causes  a  movement 
in  the  ether — generally  a  wave — so  that  in  the  last  analysis 
we  have  to  deal  with  the  representative  of  a  wave,  either 
graphically  as  a  curve,  or  analytically  by  mathematical 
symbols. 

In  Articles  30  to  38,  the  superposition  of  waves  is  de- 
scribed, but  its  further  illustration  may  be  done  here  with 
advantage.  A  piano-wire  vibrates  not  only  as  a  whole, 
but  also  in  parts— the  half,  third,  fourth,  and  other  equal 
subdivisions,  thus  giving  the  fundamental  note  and  its 
harmonics;  when,  therefore,  the  keys  respond  to  a  musi- 
cian's touch,  there  is  a  mingling  of  waves  that  may  be  repre- 
sented by  a  curve  of  varied  sinuosities ;  yet  a  resonator — -a 
vibrating  instrument  of  specific  frequency,  that  responds 
only  to  waves  of  the  same  period  just  as  a  swing  does  to 
suitably  timed  impulses — will  pick  out  each  note  so  that 
it  may  be  experimentally  determined  which  ones  form  the 
composite  sound. 

Similarly,  a  ship  has  the  fundamental  semicircular 
deviation,  upon  which  is  superposed  the  quadrantal,  sex- 
tantal,  octantal,  and  minor  deviations,  together  with  many 
accidental  errors — arising  from  waves  in  the  ether  caused 
by  the  varied  movement  of  divers  magnetic  bodies — aE 
portrayed  by  a  compound  curve,  often  of  very  odd  and 
irregular  contour:  but  mathematical  analysis  will  sepa- 
rate the  parts  and  determine  the  form  and  value  of  each. 

Again,  if  a  musical  instrument  sends  out  long  waves, 
the  sound  is  grave;  if  short  waves  in  quick  succession, 
the  note  is  shrill;  if  it  abounds  in  harmonics,  the  effect 
is  most  agreeable:  and  according  to  the  degree  of  these 
quahties  in  each  instrument,  its  musical  character  is  de- 
termined. 
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The  human  voice  is  but  the  sound  of  a  reed  instrument 
with  a  fundamental  note  and  its  hannonics ;  and  all  know 
how  it  varies  from  one  person  to  another — the  melody  of 
the  prima  donna  at  one  extreme,  and  the  harshness  of  the 
cabman  at  the  other;  yet  both  result  from  waves  of  air. 
So  with  the  ship:  each  has  her  distinctive  character  por- 
trayed by  deviations  that  arise  from  waves  peculiar  to 
movements  of  her  own  magnetic  composition. 

294.  Periodic  and  hannonic  motion.^The  deviations 
of  the  compass  belong  to  a  large  Ixidy  of  phenomena  that 
have  the  same  characteristic — periodicity. 

The  ebb  and  flow  of  the  tide ;  the  waxing  and  waning 
of  the  magnetic  elements  in  secular,  annual,  and  diurnal 
periods  of  time ;  the  rise  and  fall  of  temperature  with  the 
day  and  season ;  the  growth  and  subsidence  of  electric 
flow  in  both  the  alternating  and  continuous  currents: — 
these  are  all  periodic,  and  typical  of  very  much  that  takes 
place  in  nature.  The  oscillation  of  a  pendulum  or  move- 
ment of  a  balance-wheel  is  the  simplest  illustration  of 
periodicity:  however  long  either  motion  continues,  it  but 
repeats  itself-^starts  from  rest,  acquires  a  certain  velocity, 
and  sinks  to  rest  again.  So  with  the  Deviations;  let  the 
ship  circle  round  and  round  as  often  as  she  will  in  the  same 
locality,  and  the  values  of  the  first  circle  but  recur. 

This  general  law  finds  its  mathematical  expression  in 
Fourier's  Series. 

Consider  Fig.  500:  a  point  P  moves  with  uniform 
velocity  round  a  circle:  as  it  does  so,  its  successive  pro- 
jections H  upon  the  diameter  AC  will  move  with  variable 
velocity^start  from  rest  at  .4,  gradually  increase  its  speed 
until  0  is  reached,  while  P  revolves  from  .4  to  B,  then  as 
gradually  decrease  speed  in  going  toward  C,  while  P  pro- 
ceeds from  B  to  C;  at  C,  the  point  H  begins  a  retrograde 
movement  toward  -4  exactly  like  its  outward  motion, 
while  P  continues  on  through  the  semicircle  CDA :    this 
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motion  of  H  along  AC,  as  indicated  by  the  arrows  E  and 
£',  is  both  periodic  and  harmonic. 

To    represent    it    graphically,    suppose   perpendictilars 


Fuk  50J«i— ^Semidiculai. 


Fia  50a 


Fig.  502. 


i'iiO-  503- — Quadrantal. 


Fig.  504. 


Fig.  505.— Scxtantal. 


Fig.  506.  Fig.  507.— OctantaL 

Harmonic  Motion  Illustrated. 

erected  to  the  line  A^C^A^  (Fig.  501) — ^below,  on  the  right 
of  Cj ;  and  above,  on  the  left — each  equal  in  length  to  the 
velocity  of  the  point  H  at  the  corresponding  part  of  the 
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diameter  AOC:  draw  a  curve  through  the  ends  of  all  the 
perpendiculars,  and  it  is  found  to  be  of  the  wave  form. 

The  following  names  have  been  given  to  certain  fea- 
tures of  this  harmonic  motion :  the  time  in  which  the  point 
P  revolves  once  round  the  circle  is  called  the  Period — 
denote  it  by  7";  it  is  also  the  time  that  H  moves  from  A 
to  C  and  back  again,  or  from  .4,  to  .4,,  that  is,  the  time 
to  describe  the  curve  on  that  line ;  the  distance  of  H  from 
O.  Fig.  500,  during  any  stage  of  its  motion,  either  in  linear 
measure  as  OH  or  angular  measure  as  POH,  is  called  the 
Displacement— it,  is  equivalent  to  Phase,  which  term  is 
also  used;  the  maximum  displacement  0.4,  or  when  H 
is  at  either  end  of  the  diameter  AC,  is  called  the  Ampli- 
tude; this  distance  is  identical  with  BD.  so  that  when  H 
is  also  on  this  latter  diameter,  at  O,  it  has  the  maximum 
velocity,  and  thus,  in  Fig.  501,  both  OE  and  OE'  represent 
the  ampUtude  of  the  wave  form. 

The  point  P  may  start  from  /4,  or  from  JV  the  extremity 
of  any  radius  making  an  angle  a  with  AO:  in  the  latter 
case,  the  constant  a,  equal  to  the  portion  of  the  period 
required  to  describe  AN,  will  enter  into  all  the  calcula- 
tions. 

Let  OA=OP=R;  jr  =  a  semicircle  =  180*;  A=accel- 
erationofH;  u  =  linear  velocity  of //;  (u=  angular  velocity 
of  OP,  as  P  revolves  round  the  circle ;  x  =  OH,  the  variable 
distance  of  H  from  the  center ;  and  y  =  HP,  the  variable 
distance  of  P  from  the  diameter  AC:  x  and  y  are  then  the 
coordinates  of  P.     In  Fig.  500, 

cosPO//  =  -=;     :.  X ^R. cos  (^ -Ira).        .     (i) 

If  P  starts  from  N,  the  angle  ^  will  be  eqiul  to  the  velocity 
(to)  multiplied  by  the  time  (()  in  which  the  radius  moves 
from  ON  to  OP,  that  is,  ^  =  w.i;  whence  (1)  becomes 

x  =  R.cos{w.t^a.) (2) 
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If  a  -  o,  or  the  point  starts  from  the  extremity  A  of  the 
diameter,  then 

^=i?.cos  ioA (3) 

Differentiating  this, 

rf^=  — i?.a>.sin  cuJ.rf/ (4) 

* 

Since  velocity  (t;)  equals  distance  {%)  divided  by  time  (0, 
we  have  from  eq.  (4), 

dx 

—  ==x;=  — /?.a>.sin  a;.^ (5) 

And  since  acceleration  {A)  is  a  change  of  velocity,  we  find 
by  differentiating  (5), 

dt^oo    dv 

dt^^dt^^^^^'^''''''^'^'^'     ...     (6) 

The  time  (7) — the  Period — that  P  requires  to  make  one 
cycle  is  equal  to  the  circumference  {ABCD  =  2n)  divided 
by  the  angular  velocity  (  oj)  of  OP,  that  is, 

^^"^^   -^==7 (7) 

Substituting  this  in  (3),  (5),  and  (6),  they  become 

27t 

Displacement  =  :x:  =  i? .  COS  yT  .  ^      ...     (8) 

--  -     .  dx  _  27r     .     2;r 

Velocity  =V=jT  = —A. yr.smy.^.       .      .      (9) 

A     dv     d^x         „  4-^'  2;r         ,     , 

Acceleration  =  i4  =  ^  =^  =  — K.-yy.cos^.^.    (10) 
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As  the  functions  sine  and  cosine  always  return  to  the 
same  values  after  each  cycle  of  360°  (  =  2^-),  it  is  seen  that 
equations  (8),  (9),  and  (10)  express  periodic  and  harmonic 
motion. 

The  line  HP  i^y)  obviously  undergoes  periodic  change 
which  is  expressed  by 

y  =  R. sin  w.t (u) 

This  is  similar  to  eq.  (3),  and  it  depends  upon  the  location 
of  the  points  of  maxima  and  minima  which  equation  is 
to  be  employed:  if  .4  be  the  origin  of  motion  of  P,  the 
maxima  of  harmonic  velocity  occur  at  0  on  the  vertical 
diameter,  and  its  minima  at  A  and  C,  and  eq.  (11)  will 
express  these  conditions;  if,  however,  displacement  of  H 
is  considered,  its  maxima  occur  at  A  and  C,  and  minima  at 
O  on  the  vertical  diameter,  and  eq.  (3)  expresses  these 
facts. 

Recurring  to  Fig.  501,  it  is  seen  that  the  particular 
harmonic  motion  there  delineated,  has  two  maxima  (at  E 
and  E')  and  two  minima  (at  A^  and  C,)  within  the  period 
7":  but  it  is  easily  conceivable  that  there  can  be  phenomena 
having  a  muHiphcity  and  variety  of  maxima  and  minima 
within  their  cycles — that  is  to  say,  a  primary  Period  asso- 
ciated with  several  subordinate  Periods  of  successively 
decreasing  length.  A  piano-wire,  for  example,  often  vi- 
brates as  a  whole  at  the  same  time  that  its  half,  third, 
fourth,  and  other  serial  subdivisions  are  vibrating — it  is 
the  case  of  a  fundamental  note  and  its  harmonics:  the 
form  of  the  cur\'e  representing  the  composite  sound  will 
depend  on  the  number  and  amplitude  of  the  harmonics 
and  their  coincidence  or  difference  of  phase. 

An  assemblage  of  terms  similar  to  eq.  (3),  representing 
all  the  harmonics  of  any  phenomenon,  constitutes  Fourier's 
Series ;  and  if  the  phenomenon  is  deficient  in  any  particular 
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1  temi  is  absent  from  the  series.     It  is  thus 

Bit  every   variety  of  tindulation   in   water,   air,   or 

"-symmetrica!  or  irregular  (for  the  latter  results  only 

>■_  Superposition  of  the  former) — can  be  expressed  by 

^t>r's  Series. 

.    igs.  501  to  507  represent  the  series  \,  \,  \,  \,  j,  \,  \,  the 

^'^'idual  terms  of  which  have  2,  3,  4,  5,  6,  7,  and  8  points 

'  _  ^^ixima  and  minima,  respectively— that  is,  sub-periods 

these  values^associated  with  a  primary. 

_*f  the  even-numbered  terms  only  {\,  \,  \,  \)  of  this 

^^s  be  retained,  we  have,  as  it  were,  the  magnetic  har- 

^-^  f-inics  of  a  ship— the  semicircular,  quadrantal,  sextantal, 

^"^  octantal  deviations,  to  which  may  be  added,  indefi- 

Uely_  other  terms   (jV.  iV.  etc.),   that  is,    the  decantal, 

^^ecantal,    etc.,    deviations.      The   constant  deviation    is 

*^*^vided  for  in  Fig,  500  by  reckoning  from  A^  as  the  initial 

«*'^int,  and  in  eq.  (z)  by  the  angle  a.     A  crude  idea  of  the 

^lative  importance  of  the  several  components  of  the  total 

'deviation  is  afforded  by  the  size  of  the  sinuosities  in  Figs, 

Soi,  503-  505.  and  507.     . 

395.  How  the  deviations  arise. — The  general  action  of 
^*ne  magnet  upon  another  has  been  described  in  Art.  176, 
^d  in  Art.  225  in  connection  with  Figs.  373  to  376;  the 
action  of  the  Ship  upon  the  Compass  is  only  a  particular 
Case  of  this  general  phenomenon. 

Let  Fig.  508  represent  a  ship  steaming  in  a  circle  for 
the  purpose  of  determining  a  Table  of  Deviations:  sup- 
pose her  forward  body  pervaded  by  blue  magnetism  and 
the  after  body  by  red;  and  let  the  compass  be  placed 
within  the  influence  of  the  blue  region. 

The  direction  of  the  needle— its  balance  between  this 
deviating  power  of  the  Ship  and  the  directive  force  of  the 
Earth — is  indicated  at  C  on  board  and  by  the  arrows 
A,  B,  .  .  .  ,  H  within  the  circle  of  swing. 

Beginning  with  the  ship  heading  north  at  (1),  her  mag- 
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netic  influence  is  in  line  with  the  needle  and  causes  no 
deviation;    as   she   changes   course,    the    force   gradually 
acquires  leverage,   causing  the  needle  to  deflect  toward 
the  east — position  (2)  and  arrow  B;   both  leverage  and 
deviation  attain  a  maximmn  at  (3),  and  arrow  A,  whea 
the  ship  heads  east;    the  swing  continuing,  the  hold  o! 
the  ship's  magnetism  gradually  relaxes  and  the  needl 
returns  toward  the  meridian — coinciding  with  it  as  tl 
ship  heads  south,  position  (5),  where  the  disturbing  t 
fluence  is  again  parallel  to  the  compass:  the  action  in  - 
southern  semicircle  is  similar,  only  that  here  the  net. 
is  deflected  to  the  westward — increasii^ly  so  in  the  .' 
qtxarter — attaining  a  maximum  at  position  (7) — and  fr 
ually  returning  to  the  meridian  during  the  swing  ii 
S.W.  quarter. 

It  will  be  perceived  that  throughout  the  western 
circle  the  poles  of  the  ship  and  noedie  nearest  each 
are  of  opposite  name,  and  hence  the  directive  f. 
increased;    in  the  eastern  semicircle,  on  the  contr; 
converse  of  this  is  the  case,  and  the  directive  force  i 
ished:    on  northerly  courses,  therefore,   the  comj 
be  abnormally  steady,  and  on  southerly,  very  si 
the  maximum  of  both  conditions  occurring  when  ■ 
head  is  north  and  south  respectively,  and  tap 
a  mean  value  as  she  heads  either  east  or  west. 

These  are  the  conditions  for  this  particiUar  i 
vary  with  the  location  of  the  re^ons  of  ] 
one. 

The  deviations  are  graphically  represente 
by  drawing  perpendiculars  to  the  vertical  ] 
the  right  between  0°  and  180",  and  to  the  * 
to  360" — each  proportional  to  the  deviat 
heading  of  the  ship,  and  tracing  a  curve  t 
we  find  it  to  be  the  familiar  wave  foir 

Harmonic  motion  was  iUusfcr 


N 


Fig    508. 


901  E 


180 -fS 


27(3  W 


360''«N 
Fig.  509. 
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equally  so  by  Fig.  508:  comparing  both,  the  point  P  re- 
volving about  a  center  is  identical  with  the  ship  steaming 
in  a  circle;  the  to-and-fro  motion  of  the  point  H  in  Fig. 
500  is  analogous  to  the  alternate  deflection  east  and  west 
of  the  needle  in  Fig.  508;  portions  of  the  Period  T  corre- 
spond to  different  Azimuths  of  the  ship's  head;  and  the 
representation  of  the  results  is  the  same — a  wave  form. 


Section  Two :   Definition  of  Terms  and  Meaning  of  Symbols. 

Throughout  the  rest  of  this  Treatise  many  terms  and 
symbols  are  used,  which  will  now  be  defined;  and  the 
meaning  thus  attached  to  them  will  be  applicable  hereafter.   ' 

396.  Trigonometrical  functions . 
[i.]  A  ship  steaming  in  a  circle,  describes  angles  of 
every  value  from  0°  to  360°,  and  the  deviation  is 
wholly  dependent  on  the  angle  or  azimuth  of  her  head — 
the  course:  it  is  not,  however,  with  the  angle  directly  that 
the  relationship  is  generally  carried  on,  but  with  certain 
of  its  properties — its  Trigonometrical  functions. 

In  Fig.  510,  describe  a  circle  and  let  x  be  one  of  the 
acute  angles  of  two  similar  right-angled  triangles,  ABC 
and  TDC:  the  sides  of  each  of  these  triangles  will  be  of 
different  lengths  according  to  the  value  of  x,  so  that  in 
the  same  triangle,  the  ratio  of  any  two  of  its  sides  will 
represent  the  value  of  x\  according  to  the  sides  taken,  this 
ratio  has  received  certain  names,  sine,  cosine,  tangent,  etc. 
Thus; 

s\nx  =  -j2^  AB  {when  CA  =  i)\ (12) 

Ab    tT)    t1^ — 

^'-n-m-rt-'^^ '"'"'" cm _ ,) ; .  (,3) 
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CA     CT     CT 


sec  x  =  =  =  ;—-=-^_.=CT  (when  C4«-i).     .     (14) 
CB    CD    CA 


The  cosine,  cotangent^  and  cosecant  of  x  are  respectively 
the  sine,  tangent,  and  secant  of  its  complement,  CAB^ 
(  =  ACF  =y) ;  that  is. 


AF    CB 


cos  jc  =  sin  >'===:=  j=  =CJ?  (when  Cil=i);  .     (15) 

CA     CA 


2yQ  ;  1 1 1 1 1 1 1 1 1  ■  1 1 1 1  n  I . .  1 1 1 1 1 1 1 


HT^       I  IT'  

cot  -r  =  tan  r  =  —  --  =  -    -  =  HV  (when  CA  =  i) ;    (16) 
'      C  H      CA 


CT     CT 


cosec  x  =  sec  3' = -7- -  =    ,-    =(  T' (when  C4  =1).       (17) 


When  the  radius  CA  of  the  circle  is  unity,  then  AB, 
CB,  TD,  etc.,  in  eqs.  (12)  to  (17)  represent  the  ratios  sine, 
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,  of  «;    and  it  is  these  lir^s  that  are 

1  when  we  think  of  the  Trigonometrical 

conception  is  correct  only  when  the 

[  this  radius  be  divided  into  any  niim- 

,  say  one  thousand,  the  whole  length  CL 

\  applying  this  as  a  standard  of  meastire 

,  it  will  be  found  that  each  line  is  equal 

Tiber  of  these  parts  for  a  definite  value  of  x: 

-"=  =  33°  45'.  the  line  AB  will  have  .555  such 

31;  and  riJ  =  .668;  and  these  numbers  are 

]  sine,  cosine,  and  tangent  respectively  of  33*  45', 

r  for  all  other  angles. 

^s  a  rule,  it  is  with  the  logarithms  of  these  num- 

;  calculations  are  made,  whence,  in  addition  to 

t  natural  sines,  etc.,  we  have  Tables  of  log.  sines, 


f  (natural  sine)  .555 -log  sin  33"  45' -9.7448; 
gof  (natural  cos)  .831  =log cos  33°  45' =9.9199; 
gof  (natural  tan)  668 -log tan  33°  45'— 9.8249. 

I,]        The  natural  sines  of  the  angles  corresponding  to 
the  points  of  the  compass  are  frequently  used  in  cal- 
ulations  of  the  deviations;   they  are  denoted  by  5,,  S„ 
'i,  etc. :  thus, 

S,-nat.  sin.  11°  15'  (N.  by  E.)  =.1951. 


In  Fig.  511,  the  angular  values  of  the  points,  reckoned 
■om  North,  are  given  in  the  second  circle  from  outward, 
nd  the  symbols  appropriate  to  them,  5„  5„  5„  etc.,  in 
te  third  circle:  in  the  quarters  of  the  central  space,  the 
Igebraic  signs  of  the  sine  and  cosine  in  each  quadrant 
re  given. 


:   ire  both  ex- 

■  .  rr.ir.utes  i';, 

:r.r.c  n::^::t  Ix? 

u:  .ir.'.:  meas- 

::-  lines  AB. 

■f  the  arc  in 

:.:::ve  proctss 

-.rrh  was  just 

li  :::  angular 

':•"  '."rc-.Tnetn', 
_::  times  its 
::e.    then    in 


(i8) 


=  :r::f5".    .     (19) 


::..:vrin2f  are 


C  . 


.     .     (20} 
.      .     (21) 

.      .      (22) 

.re    of    i^. 

lius    etjual 

:tvoj-se,    "f 

such  por- 
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tion  of  the  circiunference   as   is   equal   in    length   to    the 
radius. 

Whatever  the  length  of  the  radius,  R,  the  relation  of 


Via.  511. 

l«q.  (19)  is  invariable.  There  are  thus  two  methods  of 
I  expressing  arcs:  ist,  as  a  portion  of  a  graduated  circum- 
rference,  as  a;  =  22°  15' 30",  and  ad,  in  decimal  parts  of  a 
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radius  taken  as  unity,  and  this  is  analogous  to  representing 
angles  by  their  natural  sines,  cosines,  etc. ;  the  ad  method 
is  often  employed. 

If  the  arc  is  expressed  in  degrees,  minutes,  and  seconds, 
and  we  wish  to  express  it  in  parts  of  the  radius,  it  must  be 
multiplied  by  the  last  members  of  eqs.  (20),  (21),  or  (22), 
according  as  the  given  arc  is  in  degrees,  in  minutes,  or  in 
'  seconds;  on  the  other  hand,  if  given  in  parts  of  radius  and 
we  wish  to  pass  to  degrees,  or  minutes,  or  seconds,  the 
given  arc  must  be  multiplied  by  the  corresponding  values 
of  i?  in  eq.  (19). 

[4.]         In  Fig.  510,  the  versed-sine,  or  versin  as  it  is  usually 
written,  of  the  arc  AD  corresponding  to  the  angle  x, 
is  BD,  that  is, 

vtr5inx  =  BD  =  CD-CB=CA-CB  =  i-cosx,     (23) 

the  last  member  being  deduced  from  eq.  (15}. 

Let  2«=arc  ADE,  then  AE  is  its  chord,  and  AE  —  2AB, 
whence  by  eq.  (la) 

chord  a«  =  a  sin  a: ;     or,     chord  Jt  =  2  sin  Jar,     ,  (24) 
[5.]        For  convenience  of  reference  a  few  of  the  formulas 
of  Trigonometry  most  frequently  required  will  be  in- 
serted here. 

sino°=o;     coso°  =  i*     sin9o°  =  i;     C0S90°=o.    {25) 

sin  X  cos*  ,  ,, 

tan  x= :     cot  *  =  - — ,       ...     (ao) 

cos  X  sin  *  ^ 

sin*  X  -f  cos'  x  =  i (27) 

3  cos'  i«  =  I  +  COS  a: (38) 

3  sin*i-a:  =  i— cosa; (ag) 
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sin  (x  ±  y)  =  sin  x  cos  y  ±  cos  x  sin  y. 
cos  (aJiy)  =cos  i:  cos  jf^  sin  x  sin  y. 
sin  ( —  y)  ==  —  sin  y ;     cos  (  —  >')=  cos  y. 
sin  (y  —  90°)  =  ~  sin  (90°  —  7)  =  —  cos  y. 
cos  (y  — 90")  =cos  (go^  —  y)  =sin  y.  . 
sin  (a: +51)+ sin  {*—>■)  ~2  sin  arcos  y. 
sin  (x+y)  — sin  (*— >)  =  2  cos  x  sin  y. 
cos  («+y)+cos  (*-;!')  =2  cos* cosy. 
cos  (x  +  y)  —  cos  (x  —  y)  =  —  2  sin  X  sin  y. 


1  2X  =  2  sin  X  cos  X. 


cos  2x=cos' X  — sin'ar. 
2  tan  X 


tan  3 


857 
(30) 
(31) 

C3») 

(33) 

;34) 

135) 

(36) 
(37) 
{38) 
(39) 
(40) 


(41) 


PI  ^  —tan'  x' 

In  eq.  (38),  let  x  —  ms,  and  let  y  -r,  then  (38)  becomes 
cos  (»i  +  i)a  — COS  (m—  i)s=  —  2  sin  mssin  z;  .     (42) 
or  cos  (m— i)z  — cos  {m+i)s  =  2  sin  mz  sin  z.       .     (43) 

This  last  formula  will  be  fotind  useful  hereafter. 
[6.]  Recurring  to  Fig.  511,  let  the  points  of  the  com- 
pass, beginning  with  North,  be  denoted  by  ^0,  z.^, 
Ci>  •  ■  ■  ■  Cn  ■  t'^*^"  ""7  '""'  courses,  diametrically  opposite, 
will  have  sines  and  cosines  of  the  same  numerical  value  but 
of  opposite  algebraic  sign,  and  hence  their  sum  is  zero. 
For  example, 


V 


sm  C»  =  -  sm  ^,1 ; 
—  cos  J, ,  =  COS  C„ ; 


'.  sm  Ct  +  sin  ^f„  =0. 
'.cos  C»e  +  cos  Cm  =  o. 


(44) 
(45) 
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That  the  sines  and  cosifies  of  cotirses  difTering  by 
180°  are  equal,  may  be  seen  by  Fig.  510;  for  x=xf\ 
.TB/sin)  =  --TF/si'n) ;  and  CB,(cos)  =  -CB',(cos). 

Let  I  indicate  summation  of  quantities:  then  if  -T,, 
denote  the  sum  of  like  quantities  for  each  of  the  32  points 
of  the  compass,  by  analogy  with  eqs.  (44)  and  (45),  we 
have : 

2'„sinC=o;     J^cosC^o.    .     .     .  (46) 

2"„  sin  2^=0;     -J^  cos  2^=0.       .     .  (47) 

jr„  sin  c  cos  2^  =  0;     J„  sin  j;sin  2{;=o.  .  (48) 

Ja  sin  C  cos  2^  =  0;     J„cos  ^sin  2{;=o.   .  (49) 

-^12  cos  ^  cos  2^  =  0;     J„  sin  2^cos  2{;=o.  (50) 

sin^  Co  =  sin^  Ci«  =  o;     sin' ^8  =  sin' ^24  =  1.    .  (51) 

sin'  C4  =  sin'  :i,  =  sin'  :2o  =  sin'  Cj,^*.     .     .  (52) 

sin'  Cs^cos'  Csi     sin'  C8  =  cos'  Zi'.     sin'  C7=cos'  Cr  (53) 

J32  sin'  C  =  i6;  J32COS'  :^  =  i6\     Jj,  sin'  2^^  =  16; 

i'aocos' 2C  =  i6 (54) 

Formulas  (46)  to  (54)  will  be  found  of  use  later. 
[7.]         The  transformation  of  coordinates  will  be  explained, 

as  it  enters  into  the  formulas  of  the  heehng  error. 

Let  C'A'  and  CY,  Fig.  512,  be  rectangular  axes  to  winch 
the  point  P  is  referred;  turn  them  through  the  angle  a, 
and  draw  IPD  and  BF  parallel  to  J^^  and  EBto  X.  Then 
the  angle  £:P^  =  a;  x^'CD;  y^PD;  x'=CB\y^'PB. 
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x^CD^CF-DF^CF-EB.     .    .    .    (55) 


CF=x^ .cos  a\    £B=y  .sin  a,  whence  .     .     (56) 


x-=x^  ,cx>s  a  —  y , sin  a.  * 


y=PD^ED+PE^BF+PE.    .    . 


BF^x' .sin  a;    PJE=y. cos  a,  whence  . 
y=^. sin  a +3/ cos  a.      .     .     . 


(57) 
(58) 

(59) 
(60) 


D  F 


Fig.  512. 

Multiply  (57)  by  cos  a,  and  (60)  by  sin  a;  add  the  results, 
and  by  means  of  (27)  we  find 

:i:'=:x:.cos  a4-y.sin  a (61) 

Then  multiply  (57)  by  sin  a,  and  (60)  by  cos  a;   subtract 
the  results,  and  by  means  of  (27)  we  have 


y'  =  — :x:.sin  a+y .cos  a. 


(62) 


Equations  (57),  (60),  (61),  and  (62)  give  the  old  coor- 
dinates in  terms  of  the  new,  and  conversely. 

To  pass  from  spherical  to  right-line  coordinates,  con- 
sider Fig.  513 :  P  is  a  point  on  the  surface  of  a  sphere,  and 
E  its  projection  on  the  horizontal  plane  through  the  equa- 
tor; the  arc  FP  (=  angle  a)  and  the  angle  i/CL=»//FL-»^ 
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are  the  spherical  coordinates,  and  CD^x;   ED=y;  EP" 
CM^z,  the  rectilinear:  then  from  the  figure, 

x  =  CE.cosECD,    and     C£  =  A/P  =  r.  sin  a,  whence  (63) 

a;=r.sina.cos/? (64) 

y  =  CE. &in  ECD,  whence  >'  =  r.sin  a.sin/3.    .  (65) 

z ^VP. cos  MCP  =  r. cos  a.       .     .     .  (66) 


Equations  (64),   (65),  and  (66)  give  the  rectilinear  coor- 
dinates in  terms  of  the  spherical. 


7**=^? — fe — X 


297.  Magnetic  Elements  of  the  Earth  and  Ship,  separate 
and  combined. 

[i.]        The  magnetic  elements  of  the  Earth  have  been  so 
fully  treated  in  Chapter  VIl  and  Arts.  196  and  253, 
that  only  a  diagram  for  reference,  is  needed  here — Fig.  514. 
0  =  Dip  :  This  has  been  designated  by  D,  but  in  view  of  this 
letter  being  used  soon  for  one  of  the  magnetic  coeffi- 
cients, the  Dip  will  hereafter  be  represented  by  t 
7  =  Total  Intensity:    It  has  been,  and  will  continue  to 
be,  designated  by  T;    this  letter  also  stands  for  the 


Period  of  harmonic  motion  and  for  the  time  in  which  a 
magnetic  needle  makes  one  oscillation;  it  will  continue 
to  represent  all  three  quantities,  as  the  context  in  each 
case  will  show  which  is  meant. 


Dyne:  This  is  defined  in  Art.  i8o. 

2l:   This  means  the  exact  length  of  a  magnetic  needle — 

not  that  between  the  estimated  location  of  poles. 
M  represents  the  magnetic  moment  of  the  needle. 
m  is  the  pole-strength  of  a  needle. 

[2.]  The  composition  and  resolution  of  forces  enter  fun- 
damentally into  the  investigation  of  the  De\'iations, 
and  the  principles  of  the  process  will  be  now  briefly  ex- 
plained. In  Fig.  515,  let  CX,  CY,  CZ  be  axes  at  right 
angles  to  each  other,  and  let  CM  represent  a  force  /:  within 
the  solid  angle  formed  by  planes  through  the  axes,  /  may 
take  any  one  of  an  infinity  of  directions  making  different 
angles  with  the  axes;  the  length  of  the  projections  of  / 
on  the  axes  will  accordingly  vary,  and  upon  these  projec- 
tions a  rectangular  form,  as  in  Fig.  515,  may  be  con- 
structed.   

The  projection  of  CM  directly  upon  the  axes  may  be 
made  by  multiplying  it  by  the  cosine  of  the  angle  it  makes 


• 
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with  each;  but  for  the  purpose  of  this  article,  it  will  first 
be  projected  on  the  horizontal  plane  as  the  trace  CF,  and 
then  this  on  X  and  Y  as  CS  and  CA  respectively:  CM  is 
projected  directly  on  Z,  as  CB^AN^FM. 

By  this  method  we  obtain  the  components  /j,  /„  /t, 
of  /  in  the  coordinate  axes:  it  is  evident,  however,  that 
/,  and  /s  have  not  the  same  value  as  if  /  had  been  projected 
directly  on  X  and  Y.  Conversely,  if  three  forces  /p  /„  /„ 
are  given,  they  may  be  compounded  into  a  restUtant  f. 


Fig.  515. 


Analytically,  the  components  of  /  are  thus  deduced: 


CF=fQ  is  the  trace  of  /  upon  the  horizontal  plane ;  it  makes 
the  angle  a  with  /,  and  /?  with  /j ;  BCM  and  ACF  are  the 
complements  of  a  and  /?  respectively;  and  CSF,  CAF, 
and  CAN  are  each  90°,  the  figure  being  rectangular.     Then 


/o=/.cos  a. 


(67) 


/i=C5=/o.cos/?=/.cos  a.cos/?.  .     .     .     (68) 


/2  =  Ci4  =5F=/».sin/?=/.cosa.sin^.  .     .    (69) 
/3  =  C5=FM=/.sina (70) 
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[3]         Transferring  Fig.  515  to  Fig.  516,  CM  in  the  latter 
represents  the  direction  and  strength  of  the  Ship's 


Fig.  S16:  rcx-rp£-roi?-r£T-9o. 

magnetic  force  acting  upon  the  compass;  and  CS,  CA, 
CB  are  its  components — fore-and-aft.  athwartships,  and 
vertically  toward  the  keel. 

We  have  thus  begun  with  the  resultant  force  of  the  ship, 
CM,  and  resolved  it  into  three  principal  components ;  each 
of  these  may  be  separated  into  two  parts — one  represent- 
ing the  effect  of  hard  iron,  the  other  of  soft;  again,  each 
of  the  latter  may  be  divided  intQ  three  classes,  according 
to  the  direction  of  the  iron ;  and  finally,  if  we  proceed  to  the 
ultimate  masses  contributing  to  the  total  magnetic  dis- 
turbance, we  obtain  individualities  whose  number  is  legion : 
each  mass  may  have  its  effect  expressed  by  equations 
similar  to  (68),  {69),  and  (70). 

When  these  equations  embody  the  conditions  peculiar 
to  each  kind  of  iron,  they  naturally  fail  into  distinct  cate- 
gories: summing  up  the  latter,  we  have  equations  expres- 
sive of  the  magnetic  force  of  the  ship,  and  this  is  the  frame- 
work of  the  mathematical  theory  of  the  deviations. 

Thus  it  is  seen  that  throughout  this  process  it  is  forces 
of  definite  direction  and  strength  that  are  dealt  with — 
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compounded  and  resolved  as  occasion  requires — and  that 
these  forces  may  have  any  other  name,  physical  as  well 
as  magnetic,  so  far  as  the  mathematical  treatment  is  con- 
cerned:  that  considers  force  in  the  abstract  only. 

Fig.  516  illustrates  many  of  the  symbols  that  will  now 
be  defined: 

y=VARiATioN:    the  angle  N^CNj  formed  by  meridians 

through  the  True  and  the  Magnetic  North,  respectively. 
f  =  Magnetic  course:  heading  of  ship  reckoned  eastward 

from  magnetic  North. 
;'— Compass  course:    heading  of  ship  reckoned  eastward 

from  North  indicated  by  the  compass. 
^-Deviation,  the  angle  N^CN^^C-'^- 
X,  Y,  Z  =  CX,  CY,  CZ  respectively:  rectangular  axes  fixed 

in  ship  and  revolving  with  it  (the  two  first  in  the  hori- 
zontal plane)  round  the  third;  C  is  the  compass  pivot; 
CX  is  in  the  centra!  vertical  plane  through  keel;  CY, 
athwartships ;  and  CZ,  vertical;  these  directions  are  posi- 
tive, and  their  opposites,  CX",  CY",  CZ"  are  negative. 
T  =  CT:  Earth's  total  magnetic  korce. 
fi=angle  £CT  =  DiP. 

2  =  £7=Vertical  component  of  Earth's  total  force  T. 
H  =  CE  =  tiosizonr.KL  component  of  Earth's  total  force  T. 
X  =  CP  =  Component  of  H  in  axis  of  A'. 
y  =  £P  =  Component  of  H  in  axis  of  Y  {here  negative). 
CM  =  Total  magnetic  force  of  ship  alone. 
CF"- Trace  of  Chl  on  deck,  ship  on  even  keel 
C5  =  Component  of  CF  in  axis  of  .V. 
CA  =SF  =Component  of  CF  in  axis  of  Y. 
FM  =  CB  =  Component  of  CM  in  axis  of  Z. 
if' =C/?  =  Resultant  of  CE  and  CS;   that  is,  resultant  of 

horizontal  forces  of  Earth  and  Ship,  which  resultant 
is  always  in  the  direction  of  the  compass  needle:  Nfi, 
NjC,  and  A',C  are  all  horizontal. 


X'  =  CQ  -=  Component  of  W  in  axis  of  X ;  that  is,  the  com- 
bined magnetic  force  of  Earth  and  Ship  in  direction  of 
ship's  head. 

V"  =  QR  =  Component  of  H'  in  axis  of  Y ;  that  is,  the  com- 
bined magnetic   force  of  Earth   and  Ship  toward  side 
(in  this  case  to  port,  and  hence  negative). 
Z' =£7'±fM  =Combined    magnetic    force    of   Earth   and 

Ship  in  axis  of  Z,  or  downward. 
X:  In  Fig.  516.  CR(=H')  represents  the  combined  hori- 
zontal force  of  Earth  and  Ship  upon  the  compass  for 
one  particular  heading;  but  it  varies  with  every  heading, 
as  explained  in  Art.  295;  it  is  determined  by  oscillatio_i 
experiments  with  a  horizontal  needle  while  the  ship  is  held 
successively  on  32,  16,  8,  4,  or  2  equidistant  points  and 

thus  we  obtain  values  //,',  //,' ,  H/;    a  value  of  H, 

the  Earth's  horizontal  intensity,  is  obtained  by  similar 
observations  ashore  in  the  same  locality  with  the  same 
needle;  then 


(71 


That  is,  X  is  the  ratio  of  the  mean  value  of  the  combined 
force  of  Earth  and  Ship  (projected  on  the  magnetic  merid- 
ian) to  the  Earth's  horizontal  intensity:  briefly,  it  is 
called  the  "mean  force  to  magnetic  north,"  and  does  not 
vary  with  change  of  geographical  position. 
ji:    Heretofore  used  to  denote  magnetic  permeability,    it 

will  now  be  employed,  in  addition,  to  represent  another 
quantity :  the  context  in  every  case  will  indicate  the  mean- 
ing attached  to  it.  

Referring  to  Fig.  gi6,  it  is  seen  that  Z'{=ET±FM)  is 
the  combined  vertical  force  of  Earth  and  Ship  for  a  par- 
ticular heading;  and  it  is  evident  that  if  this  heading  be 
in  the  direction  of  the  compass-needle,  the  downward  pull 
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la]  iron  of  the  ship  is  neither  absolutely  hard 
'  soft,  but  of  many  degrees  of  both;  and  this 
\  reflected  in  the  fluctuating  values  of  the  mag- 
^cients:  if  it  is  all  quite  hard,  the  coefficients 
lariy  constant  under  every  vicissitude ;  but  if 
,  they  will  vary  extremely  with  geographical 

'  hypothesis  of  the  theory  is,  that  the  length 
mpass-needle  is  very  small  compared  with  the 
'  the  nearest  iron. 

lagnetism   of  a    ship   is   called    permanent,   sub- 

,  and  transient. 

"ansienl  is  particularly  that  induced  in  soft  iron ; 

Psuch  as  finds  temporary  lodgement  from  steering 

pcourse  for  some  time:  it  is  induced  by  the  Earth 

ird  and  soft  iron.     The  sub-permanent  is  the  sur- 

^t  enters  the  hard  iron  while  the  ship  is  building : 

Jly  wastes  away  during  the  first  voyage.     The 

\  is  what  remains  in  the  hard  iron  after  all  loose 

1  has  been  shaken  out :  it  gives  the  ship  her  mag- 

lacter. 

[netic  forces — however  varied  in  direction — can 

L  into  three  axes,  so  the  material  in  which  they 

!  hard  and  soft  iron — may  be  classed  in  three 

batever  be  the  real  inclination  of  the  iron  in  the 


■Pig.  516,  the  axes  X-Y-Z,  lixed  in  the  ship,  are  tlie 
Xtions  in  which  the  components  of  all  the  magnetic 
KS  are  resolved. 

1^,  R :  these  represent  the  effect  of  hard  iron :  P,  fore- 
and-aft  ;  Q.  athwartships ;  and  R,  vertically ;  they 
resent  the  permanent  magnetism,  though  in  truth  this 
bfttimes  weakened  by  slight  loss  or  strengthened  by 
tisient  gain — all  which  appears  in  the  fluctuating  values 
the  coefficients. 
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will  be  greatest  or  least  according  to  which  end  of 
needle  is  proximately  acted  upon,  whereas  at  right  ar 
to  the  meridian  the  pull  will  have  a  mean  valtie :  the  • 
therefore  varies  with  the  heading  of  the  ship. 

Values  of  Z'  are  determined  by  oscillation  exper 
with  a  small  dip  circle  turned  imtil  the  needle  is 
in  each  case,  and  then  oscillated  while  the  shi] 
successively  on  2,  4,  or  more  equidistant  points: 
obtain   Z/,    Zj',  .  .  .,  Z^'.     The   value   of  Z,   tl; 
vertical  intensity  alone  is  obtained  by  similar  o' 
on  shore  in  the  same  locality  with  the  same  net 

^^(Z/+Z,'+...Z;') 

^ z •  • 

That  is,  /£  is  the  ratio  of  the  mean  value  of 
Ship's  combined  vertical  force  to  that  of  1 
and  as  Z  varies  in  different  parts  of  the 
as  seen  by  eq.  (72). 

J  =  Coefficient  of  the  Heeling  Error,  whicl^ 
in  the  chapter  on  that  subject. 

Some  Greek  letters  are  occasionally 
tise,  and  it  will  be  convenient  to  have  1 
reference:    a   (alpha);    /?  (beta);    b  W 
(theta) ;   X  (lambda) ;   ii  (mu) ;  n  (pi) : 
oj  (omega). 

298.  The  mathematical  representa; 
iron. — In   Part  Third,  the  theory  01    ■ 
illustrated  physically  by  steel  bars  ann 
the  eflect  of  these  can  be  represeui*    '- 
will  now  be  explained.  *• 

The   mathematical   theory   consi*.--^ 
ship  divided  into  two  classes — ^the.-— ''^^ 
to  ma^etize,  but  retentive  of  wtj 
soft,  which  both  easily  acquires. 
netism,  upon  removal  of  the  J 
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being  then  difTusecl  along  the  sides  of  the  iron,  equally  at 
each  end.  and  therefore  ineffective. 

This  is  not  the  customary  explanation  of  the  action 
of  transient  magnetism  in  horizontal  soft  iron;  the  one 
generally  made  is,  that  the  Earth's  horizontal  component 
is  resolved  in  the  direction  of  the  iron,  and  that  it  is  this 
resolved  part — varying  with  the  cosine  of  the  azimuth — 
that  produces  the  induced  effect :  but  if  we  consider  a 
cube  of  soft  iron,  and  turn  it  in  azimuth,  the  side  facing 
the  north  will  always  exhibit  red  polarity,  whether  the 
same  side  faces  north  or  east;  that  is,  the  induced  mag- 
netic condition  remains  unchanged  in  absolute  direction 
while  the  body  in  which  it  exists,  turns.  Indeed  the 
experiment  has  been  tried  with  a  sphere  of  soft  iron,  and 
however  rapidly  it  was  spun  round,  the  segment  toward 
the  lower  end  of  the  dipping-needle  had  constantly  one 
kind  of  magnetism  and  the  diametrically  opposite  seg- 
ment the  other  kind,  showing  that  the  induced  magnetic 
condition  had  a  fixed  direction  in  space.      (See  Fig.  551.) 

If  now  the  cube  of  soft  iron  be  lengthened  into  a  bar 
of  small  cross-section,  or  a  long  rod  or  tube  of  small  diam- 
eter, there  is  every  reason  to  expect  that  the  induced 
magnetic  condition  will  maintain  a  fixed  direction  in  space, 
while  the  bar,  rod,  or  tube  which  embodies  it,  is  turned, 
thus  giving  opposite  poles  at  the  ends  when  its  length 
coincides  with  the  magnetic  meridian,  but  along  the  sides 
when  across  the  meridian. 

The  matter  is  illustrated  by  Fig.  551,  where  the  distri- 
bution of  transient  magnetism  in  a  long  soft-iron  tube  is 
shown  with  it  pointing  north,  northeast,  and  east:  the 
neutral-line  dividing  lx)th  polarities  is  fixed  in  space — 
always  at  right  angles  to  the  dipping-needle. 

The  field  of  the  permaneui  magnetism  of  the  ship  her- 
self will  either  assist  or  oppose  the  Earth 's  influence ;  so 
that  in  reality  the  inducing  force  is,  //±ship  and  if  ±  ship, 
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and  a,  ft,  r  ...  fc  are  the  ratios  of  the  induced  charges 
to  these  quantities,  which  ratios  are  thus  dependent  for 
their  absolute  values  on  the  strength  of  the  inducing  force 
and  the  amount,  arrangement,  and  capacity  for  induc- 
tion of  the  soft  iron  of  the  ship. 

It  is  almost  needless  to  state  that  the  ship  only  strength- 
ens or  weakens  the  induced  charge  of  the  Earth,  without 
altering  the  nature  of  its  action  as  a  force  in  different 
azimuths  or  with  geographical  change:  that  remains  as 
already  stated. 

299.  The  magnetic  coefficients— Exact  and  Approximate. 
The  deviations  are  expressed  by  Fourier's  series,  and 
while  this  is  theoretically  infinite,  still  only  a  few  terms  are 
necessarj'  for  the  degree  of  accuracy  requisite  in  these 
calculations:    five  generally  suffice. 

A:  The  first  term  {A)  is  a  summation  of  possible  errors. 
J5.sin  ;;'  +  C-cos  c'-  ■  (73):  This  embraces  the  second 
and  third  terms  of  the  series,  each  made  up  of  two 
factors — the  coefficients  B  and  C  (constant  for  the  same 
time,  place,  and  conditions),  and  the  variable  ;';  the 
effect  of  the  latter  is  to  produce  two  maxima  and  two 
minima  in  the  deviations  during  the  circuit  of  swing. 

The  Period  of  these  terms — explained  in  Art.  294^is 
a  circle  %vith  values  of  opposite  sign  in  each  half,  and 
hence  it  is  called  the  Semicircular  deviation:  it  repre- 
sents the  joint  action  of  permanent  magnetism  in  hard 
iron  and  transient  magnetism  in  vertical  soft  iron. 
D.sin  aj'  +  £.cos  2;'.  .  {74);  This  embraces  the  fourth 
and  fifth  terms,  which,  with  all  subsequent  paire,  is 
{like  the  preceding)  made  up  of  two  parts  each  composed 
of  two  factors — a  coefficient  and  a  variable:  the  former 
is  constant  for  the  same  time,  place,  and  conditions,  while 
the  latter  introduces  a  different  period  into  each  pair  of 
terms.  In  this,  the  coefficients  are  D  and  E,  and  the 
period  is  a  semicircle,  '.vith  maxima  and  minima  values  of 


N 
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the  deviation  of  opposite  sign  in  each  half,  that  is,  in 
each  quadrant,  and  hence  this  is  called  the  Quadranial 
deviation:  it  represents  the  action  of  transient  magnet- 
ism in  horizontal  soft  iron. 

F.sin  3^'  +  G".cos  3C'.  .  (7S):  This  embraces  the  sixth 
and  seventh  terms:  coefficients  F  and  G.  and  period 
one  third  of  a  circle,  with  maxima  and  minima  values  of 
opposite  sign  in  each  half  of  this,  that  is,  in  every  sixth 
of  the  circle,  and  hence  it  is  called  the  Sextantal  deviation. 

These  terms  are  only  occasionally  used,  while  all  sub- 
sequent ones  are  rarely  employed. 

The  greatest  variety  of  values  that  any  quantity  can 
have,  is  expressed  by  the  tangent  of  an  angle;  for  while 
the  angle  increases  from  0°  to  90°,  its  tangent  varies  from 
zero  to  infinity:  therefore,  denoting  the  radius  of  a  circle 
by  R,  the  following  relations  are  always  true : 


R.sin  a^C,     and     R.COs  a=B. 

Whence,  by  means  of  eq.  (26), 


(76) 


B- 


(77) 


The  angle  a  is  called  the  Starboard  angle,  and  indicates  the 
direction  of  the  resultant  force  producing  semicircular 
deviation.  Squaring  (76)  and  adding,  we  have,  by  means 
of  eq.   (27), 

.    7?,(sin'a  +  cos'rt)-S'  +  C';     .'  R  =  \/B'  +  C\     (78) 

Substituting  the  values  of  (76)  in  (73),  this  becomes  by 
means  of  eqs.  (30J  and  {78), 

£.sin  i'  +  Ccos  ^'---/^.cos  a  sin  ^'  +  /?.sin  «  cos  ^';  .     (79) 

=  R  (sin  c'  cos  «  +  cos  ^'  sin  a) ;      .     (80) 

^V1F+C\sm  (a'  +  a)].         .     .     .     (81) 
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The  maximum  value  of  this  will  occur  when  (c'  +  a)  =90°, 
lor  then  sin  (f'  +  ar)  =  i ;  hence  the  maximiun  value  of 
the  semicircular  deviation  is 

"  (82) 


5. sin  c' +C. cos  c'=Vii'  +  C*. 
Similarly,  if  we  make 

tana-,,       .     .     . 


(83) 


we  shall  find  in  the  same  way  from  eq.  (74) 

D-€m  zC'  +  ^cos  2:'  =VZJ'  +  £'[sin  (2:'  +  ^)];      (84) 

=  \/0^+E^ C85) 

And  this  last,  for  a  like  reason,  is  the  maximiun  value  of 
the  quadrantal  deviation. 

The  coefficients  are  expressed  either  in  degrees  and 
minules,  and  then  they  are  designated  by  the  Italic 
capitals  ,4,  B,  C.  D,  E,  known  as  the  A  pproxitiiale  Coeffi- 
wnts;  or  they  arc  expressed  in  parts  of  the  radius  as  ex- 
plained in  Art.  296,  par,  [3J,  and  then  they  are  represented 
by  the  old  English  capitals  31,  «,  g,  T",  6.  These  are 
known  as  the  Exact  Coefficients;  and  it  will  be  seen  later. 
when  their  values  are  deduced,  that  they  are  nearly  the 
sines  of  the  arcs  denoted  by  the  approximate  coefficients: 
when,  therefore,  the  arc  and  its  sine — both  expressed  in 
the  same  measure — do  not  differ  by  an  amount  greater 
than  is  admissible  in  the  deviations,  either  set  of  coeffi- 
cients may  be  used.  Limits  of  inaccuracy  are  shown  in 
Table  72:  the  degrees  of  line  (b)  are  converted  into  parts 
Table  72. 


(a) 

(0 

(=) 

(3) 

(4) 

(5) 

i 

5° 
-0873 
.0871 

■34' 

-'745 
.1736 
.OD09 
3-09' 

Arc  in  parts  of  radius  —  i 

Sine  in  parts  of  radius=  i 

Ditlcrencr  in  parts  of  radius 

Difference  in  minutes  of  arc 

•  3491 

.OOJI 

94.4' , 

fe 


of  radius  by  multiplying  each  by  eq.  (20) ;  the  results  are 
given  in  line  (c) ;  the  quantities  in  line  (d)  are  taken  from 
a  table  of  natural  sines;  the  differences  in  line  (e)  arc  in 
parts  of  radius,  and  to  convert  them  into  minutes,  each 
must  be  multiplied  by  R=$^27'-7  from  eq.  (19).  If  then 
we  wish  to  restrict  the  inaccuracy  to  25',  we  may  use 
either  set  of  coefficients  for  deviations  up  to  20°, 


Section  Three :    The  Primary  Equations  and  Their 
Adaptation  for  Use. 


300.  Poisson's  equations. — However  the  ship's  head 
may  change  in  azimuth,  the  compass-needle  always  takes 
the  direction  of  the  resultant  of  all  the  forces  acting  on 
it ;  that  is,  the  resultant  of  the  disturbing  force  of  the  Ship 
and  the  directive  force  of  the  Earth.  These  several  forces 
— resolved  in  three  directions— have  been  explained  in 
Arts.  297  and  298,  and  illustrated  by  Fig.  516,  so  that  it 
only  remains  to  sum  them  up  each  in  its  own  axis,  and 
express  their  balance,  thus: 

X'=X+a.X  +  h.y  +  c.Z  +  P.    .     .     .     (86) 

y'  =  Y  +  d.X  +  e  Y  +  }.Z  +  Q.    .     .     .     (87) 

Z'=Z+g.X  +  h.Y  +  k.Z  +  R.    .     .     .     (88) 

These  are  Poisson's  fundamental  equations:  in  them 
X',  V,  Z'  represent,  with  reference  to  the  ship  (Fig,  516), 
the  longitudinal,  transverse,  and  vertical  components  of 
the  resultant  of  all  the  forces  acting  on  the  compass ;  while 
the  quantities  on  the  right  of  the  sign  of  equality  in  each 
equation  represent  the  parts  of  these  components — that 
is.  A',  Y,  Z,  the  force  of  the  Earth,  and  the  others,  various 
groups  of  disturbing  forces  of  the  Ship. 

Of  the  latter  P,  Q,  R  represent  the  effect  of  jiermanent 
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magnetism.  The  transient  magnetism  of  vertical  -;oft 
iron  being  induced  by  the  Earth's  vertical  component,  is 
a  determinate  part  of  that  ccmponent,  which  part  is  de- 
noted, for  the  several  groups  of  this  kind  of  iron,  by  c.  /,  fe, 
or  c.Z,  j .Z,  k.Z:  as  Z  does  not  vary  with  the  azimuth, 
neither  will  these;  but  as  it  does  with  geographical  change, 
so  will  these.  Similarly,  the  transient  magnetism  of 
horizontal  soft  iron  is  a  specific  part  of  the  Earth's  hori- 
zontal component,  which,  for  the  several  groups  of  this 
kind  of  iron  is  represented  by  a,  b,  d,  e,  g,  k.  or  a.H.  b  H, 
d.H.  e.H,  g.H.  h.H:  but  the  force  exerted  by  this  mag- 
netism varies  with  the  azimuth,  and  this  fact  is  expressed 
by  connecting  the  above  quantities  with  the  axes  of  X 
and  V,  which,  being  fixed  in  the  Ship  and  revolving  with 
it,  therefore  represent  every  possible  value  of  the  effective 
force  as  a, A',  d.X,  g.X,  b.Y,  e.Y,  h.Y:  when  either 
X  or  y  coincides  with  the  meridian,  they  become  equiva- 
lent to  H ;  but  Otherwise,  in  their  revolution  as  the  ship 
swings,  they  represent  the  various  values  of  //  in  the 
successive  azimuths.  It  has  bt^en  explained  elsewhere 
why  these  do  not  vary  with  geographical  change. 

When  quantities  proper  to  the  problem  are  introduced 
into  Poisson  's  equations,  and  they  are  adapted  for  use, 
they  afford  methods  for  determining  the  magnetic  char- 
acter of  a  ship  by  means  of  certain  coefficients ;  also  methixls 
for  computing  a  table  of  deviations  from  these  coefficients; 
and  for  predicting  the  change  that  will  occur  in  the  de- 
viations upon  change  of  geographical  position;  finally— 
in  connection  with  oscillation  experiments — for  calculat- 
ing the  heeling  error. 

That  is  to  say,  the  mathematical  theory-  greatly  lessens 
the  labors  of  the  navigator  besides  supplying  a  scientific 
analysis  of  the  conditions  involved ;  and  that  it  accurately 
takes  into  account  these  conditions  and  provides  for  them 
within  the  limits  of  error  admissible  in  the  deviations. 
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has  been  abundantly  shown  by  comparison  of  results  with 
experiment. 

301.  Quantities  proper  to  the  problem  introduced  into 
Poisson's  equations. — All  the  symbols  now  to  be  used  are 
explained  in  Art.  297.  Referring  to  Fig.  516,  we  liave 
the  following: 


CP  =  CE. cos  ECP,  or  A'-H.cosc-    . 

EP=-CE.&mECP,  or  V=-K.sinC. 

ET~CE. tan  ECT,  or  Z  =  H.tanO.  . 

CQ  =CR. cos  RCQ.  or  A'' =//'.cos  ;'. 

QR=  ~ CR. sin  RCQ.  or  V"  =  -H'.sinc' 


(89) 
(90) 
{91) 
(92) 
(93) 


The  sign  is  negative  in  {90)  and  (93)  because  the  angles 
are  reckoned  in  the  direction  Y"  in  the  axis  of  Y. 

Substituting  the  values  of  (Sg)  to  (93)  in  (86).  (87), 
(88),  and  dividing  (86)  and  (87)  by  H.  and  (88)  by  Z,  we 
have: 


H' 


¥■" 

U!,   C     = 

\t  -\-tij  i; 

' 

-(.'.sm  (, 

" 

H' 
H 

sin  c' 

=  d.c(}S  ^ 

-{• 

+  e)  sin  ^ 

+  /.tan(? 

Z' 
Z 

g 
tan 

-j.cosc- 

h 

tan 

-^-sin  C  + 

,    R 

l-\-k-\-y. 

(94) 
(95) 
(96) 


These  are  Poisson's  equations  with  the  quantities 
proper  to  the  problem  introduced,  and  their  meaning  is 
this :  the  denominator  in  each  denotes  the  unit  of  measure, 
so  that  (96)  expresses  the  total  downward  pull  on  the  needle 
in  terms  of  the  Earth's  vertical  force  when  the  ship  is  on 
an  even  keel;    similarly.  (94)  and  (95)  express  the  total 
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horizontal  pull  in  terms  of  the  Earth's  horizontal  force — 
the  first  toward  the  ship's  head  and  the  second  toward 
the  starboard  side  (in  this  case  to  port,  as  indicated  by  the 
negative  sign).  To  resolve  a  force  in  any  direction  is  to 
multiply  it  by  the  cosiwe  of  the  angle  included  by  the  old 
and  new  directions;  the  component  at  right  angles  to  the 
new  direction  is  given  by  multiplying  by  the  shte  of  the 
same  angle:  in  Fig,  516,  CR(=H')  is  the  total  horizontal 
pull,  so  that  to  multiply  this  by  cos  ^'  and  sin  z'  respec- 
tively, as  in  eqs.  (94}  and  (95),  gives  the  components  to 
bow  and  side. 

As  these  components  vary  with  every  heading  of  the 
ship,  it  is  desirable  to  have  their  values  in  two  fixed  direc- 
tions— that  is,  in  the  magnetic  meridian  and  in  an  east  and 
west  line:  by  observing  Fig.  516,  it  will  be  seen  that  to 
multiply  eq.  (94)  by  cos  ^,  and  (95)  by  sin  C.  resolves  both 
into  the  meridian,  and  then  taking  iheir  difference,  we  get 
their  value  in  tliis  direction :  performing  the  operations, 
we  have 

-TT  .COS  c'cos  c  =  {i+(i)  cos'  ^;-6.sin  Ccos  C 


■h  eland  cos  f-l- iv-.cos  C-     C97) 


1  ^  =■  li .  cos  ;  sin  c  -  ( I  +  ^)  sin'  ^ 


-i-/.tan  t 


{98) 


Subtracting  (98)  from  (97),  we  have 


-ttCcos  c'  cos  C  +  sin  c'  sin  O {d-\-b)  cos  C  sin  C 

-|-(i+a)cos'  C  +  Ci+^)sin'  z 

+  (c.tan  ^  +  75)  cos  C-(/.tan  0-+Hu  sin  C- 


(99) 
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By  means  of  eq.  (31),  Art.  296, 

cos  f  cos  (I  +  sin  ^  sin  ^'  =  cos(f  —  f*)  —cos  3.  .  (100) 

I  +COS  2f 


By  analogy  with  eq.  {28),  Art.  296.  cos'  C"" 


(lOl) 


Substituting  the  values  of  eqs.  (100)  to  (103)  in  (99),  it  be- 
comes 


.cos  3-  -(i+f,)511<:+(.  +«)("^t2!liC^ 
+  (.+^)(— ,— 9+('ta„»  +  ^)co= 


/.taii«  + 


H 


I     which  may  be  put  in  this  form : 


77-  COS  0  = 


ld  +  b\  .            I     a     cossr 
sm2C  +  -+-+ ^ 

\     2    /  3        3  3 

COS  2J     r      f      COS  2;     g.cos  gf 


+  (ctan«  +  jj)cos  C-(/tan  9  +  g  kin  C- 

Whence 

g-'cosa-/i+-2±5)+(ctan  e  +  ^jcos  c 

-(/.tan  e+^jsin  c+(-~  jcos  2C 


(104) 


(105) 


(106) 
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Eq.  (io6)  jriv  .. -.,> 

netic  meridian ; 

obtained  by  mu'  _  -►-^.^^e     -..-- 

adding  the  resii: 

the  same  maniu  ■ 

ing  the  intermci ! 


=(-:'■ 


('■ 


+  (/.tantf4-y-/  ' 


in  each  t  ■ 


and  in  (i 


^  «  


Eqs.  (io6) 
and  Ship — thi 
toward  Maj2:nt : 
measure:    in  • 

Ship — that  oi"  — -    ^  -.'  ^—  '  j,jj 

ridian. 

If  obscT\.  -■      -    -      ^  ' 

diametrical  1; 

other  numl "  ■ 

a  mean  v:j^ 
magnetic  r:- 
to  magnet  i> 
more  accin 

Indeed 


:«  'rz   jiTT-ii^ 


::2) 


--  -rr;-:^^  to 


1 :  0 


^ 

-20. 


since  thr  ■         ■  -  ^ 

sine  or  « 

having  '•  ■  -  "^  " 

and    (ic 

cfjuidis'.  ^ 

and  (lo-  ^  ^        -      '  ^-^4) 
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This  is  an  accurate  formula  for  calculating  the  devia- 
tion (5)  on  any  compass  course  (^');  but  8  enters  into 
three  terms  of  the  second  member  and  thus  renders  it  un- 
available for  genera]  use;  certain  changes,  however,  can 
be  made  in  it — introducing  errors,  it  is  true,  but  admissible 
I  ones — and  then  the  rigorous  formula  becomes  an  approxi- 
mate one  of  great  utility. 

In  eq.  (124)  the  deviation  is  found  by  means  of  its 
sine  (sin  5)  and  the  coefficients  9(,  SB,  G,  S,  U  are  expressed 
in  parts  of  radius,  as  explained  in  Art.  296,  par.  [3]:  in 
the  changed  formula,  the  arc  itself  (5)  in  degrees  and  min- 
utes will  be  used  in  the  first  member,  and  5  will  be  omitted 
entirely  from  the  second  member ;  to  indicate  this  approx- 
imate condition  of  (124),  the  coefficients  will  be  denoted 
by  Italic  capitals,  and  expressed  in  degrees  and  minutes; 
that  is, 

d-A+B.sin  c'+C'-cos  c'  +  O.sin  2c'+£:.cos  2^'.     (125) 

In  order  to  form  an  idea  of  the  inaccuracy  that  may 
arise  from  the  use  of  (125),  it  will  be  seen  by  Table  72  that 
for  a  maximum  deviation  of  20°,  to  use  d  for  sin  5,  intro- 
duces an  error  of  25'  in  the  calculated  deviation.  In  eq, 
(124),  of  the  coefficients  31,  S,  ®,  affected  by  functions  of 
i,  the  first  and  last  are  small  quantities  at  best;  the  two 
principal  tenns  remain  unchanged  in  both  (124)  and  {125). 

As  the  sine  increases,  and  the  cosine  decreases,  with  the 
angle,  multiplying  91  by  cos  5  will  decrease  it;  therefore 
to  omit  cos  5  in  first  term  of  {124)  is  to  increase  its  value, 
so  that  A  is  larger  than  %\  to  omit  5  in  fourth  term  of 
(124)  decreases  its  value,  so  that  Z>.sin  2^'  is  less  than 
^.sin  (2^'  +  3);  and  to  omit  S  from  the  last  term  of 
(124)  increases  its  value,  so  that  £.cos  2;;'  is  larger  than 
S.C05  (2C'  +  ^)-  Thus  the  tendency  of  the  inaccuracies 
in  these  terms  is  to  counterbalance  each  other;  and  it 
safe  to  state  that  up  to  20°  deviation,  formula  (125) 


I  IS  safe  to  state 


may  be  used  without  introducing  a  greater  error  tlian  25' 
into  the  resulting  calculated  deviations. 

303.  Expansion  of  the  Deviation  Formula  into  Fourier's 
Series. — Mathematical  quantities  are  said  to  be  of  different 
orders  when  they  bear  a  certain  numerical  relation  to  each 
other  and  have  a  definite  initial  value ;  both  relation  and 
value  may  be  arbitrarily  set,  depending,  however,  on  the 
nature  of  the  phenomenon  under  investigation  and  the 
degree  of  refinement  suitable  for  its  treatment :  what,  with 
perfect  propriety,  could  be  called  "small  quantities"  in 
compass  deviations,  would  be  gross  and  inappropriate  in 
delicate  astronomical  calculations. 

Consider  the  expansion  of  the  shie  and  cosine  of  an 
arc  (d)  in  terms  of  the  arc  itself  by  Maclaurin's  series— a 
theorem  of  calculus  by  which  a  single  variable  is  developed 
by  successi\'e  differentiation  into  an  infinite  number  of 
terms: 


8^ 


■3.4-5-6.7 


+  etc.      (126) 


cos  5  = 


7  + etc. 


(127) 


i     a.3-4-5 

d' 

2.3.4       2.3-4.5-6 

In  the  second  member  of  each  of  these  equations,  the 
first  term  is  the  ^jrimary  value  and  we  may  call  it  of  the 
first  order;  then  the  second  term  of  (127}  is  of  the  second 
order:  each  term  grows  rapidly  less  in  numerical  value, 
so  that  by  stopping  at  any  particular  one  as  the  last  to 
enter  the  computations,  we  thereby  determine  the  degree 
of  accuracy  of  the  result. 

Reproducing  eq.  (124)— after  expanding  sin  (a^  +  J) 
and  cos  (a^'  +  8)  by  means  of  eqs.  (30)  and  (31),  Art.  296 — 
we  have 

sin3-§I.cos5  +  S.sin  c'+S.cosc' 

+  ®. sin  2;;', 0055  +  5). cos  2^'. sin  5    [      (laS) 
+®  .cos  2C'  cos  J  — IS. sin  2^;'.sin  d. 


I 


In  this,  all  the  coefficients  are  expressed  in  parts  of  radius, 
as  explained  in  Art.  296,  par.  [3];  and  if  we  consider  d,  ffl, 
E,  ^,  small  quantities  of  the  first  order,  then  91  and  @  may 
be  considered  small  quantities  of  the  second  order,  or  of 
the  same  order  as  squares  or  products  of  the  first  order; 
quantities  of  the  third  order  will  be  the  same  as  cubes  of 
the  first  order;  and  so  on. 

Let  the  third  order  be  the  last  to  enter  our  calcula- 
tions, and  substitute  in  (128)  the  values  of  sin  3  and  cos  d 
from  (126)  and  (127) :  when  this  is  done,  and  all  terras  con- 
taining quantities  of  the  fourth,  fifth,  and  subsequent  orders 
are  rejected,  equation  (128)  becomes 


-  =?l-|-iy  .sin  c'+S-cos  c'+3^  sin  2^' 


(129) 


-5).  -sinaC'+lJ-^-cos  JC' 
+g.cos  2C'— S.^.sin  2^'.  J 

first  mem!)er  all  terms  hav- 


Transposing,  and  collecting 
ing  d  for  a  factor,  we  have 

a  {i-Ti.cos  a^'+^-sin  2C')=5t-i-iB.stn<:'-|-e.cos;'' 

+3). sin  aC'+S.cos  a^' .3*. sin  2^'  +  — , 


(130) 


Remembering  that  products  of  quantities  of  the  first 
order  become  quantities  of  the  second  order,  if,  in  (130), 
we  reject  all  terms  containing  quantities  of  the  second,  third, 
and  succeeding  orders,  and  retain  only  those  of  the  first,  it 
becomes 

^  =  SS.sin  c'  +  tS.cos  c'  +  3;.s!n  2^'-    ■     ■     (131) 

Now  find  the  square  and  the  cube  of  both  members  of 
{131),  and  substitute  in  (130)  the  values  of  3'  and  d'  thus 
found:  after  similar  terms  of  opposite  sign  are  cancelled, 
and  other  like  terms  are  reduced  according  to  their  numeri- 


(13=) 


884  FUNDAMElfTAL   EQUATIONS. 

cal  coefficients,  eq.  (13°)  becomes  (132),  which  is  correct 
to  the  third  order  inclusive. 

a  (i-S.cos  3C'+®'Sin  =C')  =?l+S.sin  ^ 
+  S.COS  c'+2>.sin  2^'+e.cos  2f' 
+  i.8'.sin'  c'  +  i-3S'-S.sin*  c'-cos  c' 
4-i.S.S'.sin  c'cos'  c'-i.S-3)'.sin'2c'  sin  c' 
+  G',cos*c'-i-S.:J)'cos  c'-sin'  2^' 
—  J  .3)'. sin'  2^'. 

To  get  the  value  of  3  from  this,  divide  both  members 
by  d  —3). cos  2j'  +  S.sin  2^).  Squares  of  the  second 
order,  as  S',  are  of  the  fourth  order;  squares  of  the  first 
multiplied  by  one  of  the  second,  as  33' ,  S.  are  of  the  fourth ; 
products  of  the  second,  as  31. CE,  are  of  the  fourth;  the 
product  of  two  of  the  first  and  one  of  the  second,  as  E.S.G, 
is  of  the  fourth ;  fourth  powers  of  the  first  order  and  higher 
powers  of  other  orders  are  of  the  fourth  and  beyond  it :  all 
these  will  occur  in  the  quotient  foiind  by  dividing  the  second 
member  of  {1^2)  by  the  factor  of  5  in  the  first  member; 
retaining  in  this  quotient  only  quantities  to  the  ihird  order 
included,  and  arranging  the  retained  terms  according  to 
the  coefficients  ^,  ffl,  6,  35,  G,  we  have: 

d  =  31 +31. 35,  cos  2C' +4*.  sin  c'  +  ®  .35  .sin  f'.cos  ac' 
+  i8.3)'.sin  c'cos'  2C'-**.S.sin  f'-sin  2  J' 
+  i, S8',  sin' C' +  iS*.lJ.  sin*  C' -cose' 
+  J,iB.S'.sin  c'-cos*c'-i'^-55*-sin  c'.sin'  2^' 
+  E,cos  ^+G.3>.cos  c'-cos  2^' 
+  S.3)*cosC'-cos'2C'-G.®.cosC'-sin2C' 
+  JS*.cos'  c'-l.S.33'cos  ^'.sin*  2C'+3>.stn  2^ 
+3)*. sin  2^. cos  2 c' +3; '.sin  a^'.cos*  z^' 
~S).S.sin'  2^'  — i.3;'.sin"  2^' 
+S.COS  2C'+e.S.cos'  2C'- 


CI33) 


By  means  of  (28)  and  (29),  Art.  296,  and  the  formulas 
relative  to  multiple  angles,  the  powers  and  products  of 
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angular  functions  in  (133)  can  be  converted  into  individual 
multiples  of  the  angle ;  this  will  be  done  as  follows,  group- 
ing together  such  of  the  terms  as  have  the  same  coefficient 
for  a  factor: 

S.3).(sin  c'  cos  2C')=-i.9*.l3.sin  3C'-*3I1,^  sin  f'.     (134) 

S  .3) '  (sin  c'  cos'  2  j'  -  J .  sin  f '  sin*  2^') 

=  S8.I)'(isinc'  +  isinc'-COS4:'-Jsinc'         (i,-j 
4-i.sin  c'cos4^;')  =i  ,!H  .5?*.sin  c' 
-|.!!8.!S'sin  3C'  +  f  .S  .JJ'sin  5C'. 

-s.e.(sin  <:'.sin2:')=i.s.s.cos3c'-i.«.e.cos:'.  (136) 

i.«V(sin'  c')  =i»*[sin  C'  (sin'  c')]  ] 

=  i«'[sinC'(i-Jcos2:'}]  I 

=  ia'(isinc'-Jcos2c'smc')  I 
=  i.9)».sin  c'-iV.®'-sin  3C'.    J 


{'37) 


j. «'. C(sin' c' .cos  c')=i*'.tS[i-i cos sC']  cose'   1 
=  J!9',e.cosc'-iSVecos3C'.3 


(138) 


(140) 
(141) 


iSS.g' (sin  c'cos*c')=i^GMi  +  icos2C']sinc'    )       ,       ^ 
=  iS9,e=sinC'  +  4S.6'sin3C'-)         ^^^' 

(S.S  (cos  c' cos  2^')  =iS.J)cos  i;'  +  lS.I)cos3C'. 

6.3)*  (cos  c'  cos*  2^')  =e  .3)'  [i  -l-i  cos  4C']  cos  c'      ) 
=  j6.!I)*cosc'  +  }E.I)'cos3C'  +  iS,33'cos5i:'.  ) 

-6.g  (cos  C'sin  a:')  =  -je.e  sin  c'-iS.E  sin  3:'.     (142) 
iE*  (cos*  c')=  iS»[cos  c'  (cos*  O]  -. 

=  i6'[cos<:'(i  +  icos2C')]  [     (143) 
=  iS'cos  ^'+1^6*  cos  3^'.    ) 

—  ie.'D*(cosC'sin*2f')  =  -ie,25*[i-icos4C']cos^)    . 
--iS.3)*cosc'  +  iti-3;*cos3c'  +  4E.3)*cos5c'.      }    ^***^ 

Si '.(sin  2  f' cos  ac')  -J3)*.sin4C'.     .     .     (145) 
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in  2^'  cos'  2^'  —  \  sin*  3^')  -j              I 

=X)'sin2C'(i  +  icos4C')  I 

-J^Jj'sina;;'  (i- JCOS4C')  1 


5)'  (sin  2^'  cos'  2^'  —  i  sin*  3^') 


ci46r 


(M7)  ■ 


=f5)*sin  2^'+ J  .^*cos4j'sin2C' 
=  2©' cos  C'  sin  C'  (J  +  §  cos  4^') 
i=2®*cos  c'  [i  sin  C'  +3(i  sin  s:'-  J  sin  3:')] 
=|U)'sin  2C'  +  Ti55*sin  6;;'  fi*,3)*sin  4^* 
-^Ti'sin4(;:'-iS35*sin2C'  =  J3)'sin6^'. 

e.33  Ccos'3C'-sin'2C')=-®-S[(l  +  icos4:')  ; 

-(i--icos4^;')]  =S.3)  cos  4^,] 

Substituting  the  last  members  of  equations  (134)  to 
(147),  both  inclusive,  for  their  equivalents  in  eq.  (133), 
and  grouping  the  terms  according  to  the  same  multiple  of 
the  angle,  eq.  (133)  becomes 

j=St+[9+4ffl.E'+i99'+i©.3)'-iS.2)-ie.®]siiiC' 

+[s-i59.g+i»'.G+ie.D+iG.S)'+ie*]cosc' 

+  [1)]  sin  2;'+[?t.2)+G]  COS2C' 

+[iS.S-aS® -iV31'+i«-6>-ie.®]sin3C'     j-(i48) 

+  [i©.e-J©'.(I+iG.3)-f^5.^'+VieTcos3C' 
+  [i^']  sin  4:'+[e-3)]  COS  4C'+[?®  ■'JJ']  sin  5C' 
-(-[H£.D]cos5:'+[iS'Jsin6c'. 

The  variables  of  this  equation  are  5  and  ^;  the  first 
term  of  the  second  member  and  the  quantities  within 
brackets  of  all  the  other  terms  are  constants;  represent 
them  by  llaiic  capitals,  and  then  eq.  (148)  is 

5  =  ,4+S.sin  c'  +  Ccos^'  +  ^-sin  2;'  +  £.cos3^ 

+  F.sin3c'  +  G^.cos3C'  +  H.sin4C'  +  Ar.cos4C'    ■      C149) 
+  Z-.sin5C'  +  -1^-cossC'+.'V.sin6j'. 

This  is  Fouhier's  Series:  only  twelve  terms,  however, 
appear  here,  because  quantities  to  only  the  third  order  in- 
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eluded,  were  admitted;  this  condition  was  made  when 
eqs.  (ia6)  and  (127)  were  introduced  into  the  series  of 
equations  of  which  (149)  is  the  fina!  result.  If  the  fourth, 
fifth,  or  any  other  order  of  quantities  had  been  used,  a 
correspondingly  greater  number  of  terms  would  appear  in 
{149);  and  as  (136)  and  (127)  are  infinite,  so  would  (149) 
be  if  (126)  and  (127)  had  been  introduced  in  their  entirety. 

In  (149)  the  azimuth  of  the  ship's  head  by  compass  (;;') 
is  expressed  in  degrees  and  minutes;  but  all  the  other 
quantities  (J,  A,  B,  C,  etc.)  can  be  expressed  either  in  de- 
grees and  minutes  or  in  parts  of  radius,  as  explained  in  Art. 
(296)- 

As  eq.  (149)  is  the  basic  ivorking  formula  of  the  de™- 
tions,  it  will  be  useful  to  take  a  retrospective  view  of  the 
manner  in  which  it  has  been  deduced:  in  Part  Third  the 
forces  in  action  to  produce  deviation  were  represented 
physically;  in  Chapter  XXI  a  resum^  of  the  history  of  the 
deviations  was  given;  Section  one  of  the  present  chapter 
summarizes  the  sources  of  deviations,  besides  exemplifying 
their  mode  of  occurrence ;  Section  two  defines  the  terms  and 
symbols  used  in  the  investigation,  and  prepares  the  way 
for  the  general  mathematical  interpretation  in  eqs.  (86), 
{87),  and  (88)  of  the  physical  facts  stated  in  Part  Third; 
the  quantities  proper  to  tiie  problem  were  next  introduced 
and  the  equations  eventually  became  (94),  (95),  and  (96); 
by  varied  transformation  of  these  we  arrived  at  expressions 
for  the  combined  and  separate  force  of  the  Sliip  and  Earth, 
and  also  eq.  (124)— a  rigorous  formula  for  calculating  the 
deviation  on  any  compass  course ;  lastly,  this  was  variously 
transformed  throughout  Art.  303,  until  we  obtained  Fou- 
rier's Series.  In  this  series  it  will  he  perceived  that  the 
fimction  sine  and  cosine  of  every  possible  multiple  of  the 
variable  q'  enters  as  a  factor  of  the  terms :  this  means  that 
phenomena  of  every  possible  ' '  Period ' '  has  here  its  mathe- 
matical expression ;  or,  as  Period  and  Wave  are  mutually 
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convertible  terms — as  explained  in  Vol.  I — ^it  means  that 
symmetrical  waves  of  all  sizes  are  represented  by  Fourier 's 
Series ;  it  is  only  their  varied  superposition  that  brings  out 
the  odd,  irregular  exudes  so  often  seen  in  their  resultant — 
the  deviations. 


CHAPTER    XXIII. 

THE    MAGNETIC  COEFFICIENTS. 

Section  One  :    The  Method  of  Least  Squares. 

304.  Necessity  for  adjustment  of  the  observation-equa- 
tions.— Eq.  (125).  for  calculating  the  deviations,  contains 
five  unknown  quantities— 4 ,  B,  C,  D,  E — and  if  observa- 
tions be  made  on  only  jive  points,  we  should  then  have  but 
five  equations  similar  to  (125),  and  the  unknown  quantities 
could  be  deduced  directly  by  any  process  of  algebra;  but 
we  may  observe  on  8,  16,  or  32  points  and  have  a  corre- 
sponding number  of  equations,  or  on  each  half  point  and 
have  64 — or  even  on  every  degree  of  the  circle  and  have 
360  eqtiations:  but  in  all  such  cases  we  have  only  five 
unknown  quantities  to  be  determined.  When  their  values 
are  ascertained  from  observations  on  only  five  points,  such 
values  satisfy  the  equations;  but  when  determined  from 
any  five  of  a  larger  number  of  equations,  then  the  values 
obtained  from  the  five  selected  equations  will  not  satisfy 
the  others  from  among  which  they  were  chosen. 

It  is  evident,  however,  that  the  larger  the  number  of 
observations  to  determine  a  certain  quantity,  the  more 
accurate  its  resulting  value;  so  that  from  32  equations 
based  on  careful  observations  we  should  get  better  values 
of  .4,  B,  C,  D,  E  than  from  five. 

As  it  is  thus  desirable  to  use  a  large  number  of  obser- 
vations, they  must  be  adjusted  so  that  the  most  probable 
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values  of  the  coefficients  shall  be  obtained ;  and  this  is  done 
by  the  Method  o£  Least  Squares,  now  to  be  briefly  explained 
— chiefly  according  to  the  mode  of  treatment  by  Prof.  Mans- 
field Merriman. 

305.  The  Principles  of  Probability. — In  mathematics, 
the  certainty  of  an  event  is  denoted  by  unity^its  impossi- 
bility by  zero ;  and  as  all  its  phases  take  place  between  these 
extremes,  the  probability  of  any  one  or  several  of  these  phases 
occurring  is  represented  by  a  fraction :  the  numerator  denotes 
the  number  of  ways  in  which  the  event  may  happen  or  fail, 
and  the  denominator  the  total  number  of  possible  ways. 

Thus,  in  tossing  a  coin,  there  are  only  twn  possible  ways 
in  which  it  can  turn  up — either  head  or 'tail;  and  the  one 
is  as  likely  to  occur  as  the  other:  the  probability  of  throw- 
ing a  head  is  therefore  J,  and  of  a  tail,  J ;  their  sum  is  unity, 
or  it  is  certain  that  the  coin  will  turn  up  head  or  tail. 

If  a  hag  contain  three  red  balls  and  five  blue  ones,  and 
another  bag  contain  four  red  balls  and  seven  blue  ones,  the 
probability  of  drawing  a  red  ball  from  the  first  bag  is  J 
and  from  the  second  f\.  Each  bag  represents  the  vicissi- 
tudes of  certain  independent  events — the  drawing  of  balls 
of  different  colors  from  them ;  but  now  consider  them 
jointly — to  draw  a  ball  with  each  hand  at  the  same  time 
out  of  both  bags:  it  is  evident  that  a  certain  one  ball  of 
the  first  bag  may  be  drawn  out  with  each  ball  of  the  second 
bag  and  thus  form  a  different  pair  every  time ;  the  same  is 
true  of  a  certain  other  ball  of  the  first  bag  and  all  of  the 
second;  and  also  of  a  certain  third  hall  of  the  first  bag  and 
all  of  the  second ;  and  so  on  until  all  of  the  first  have  been 
successively  united  to  all  of  the  second:  this  is  equivalent 
to  taking  the  product  of  the  number  of  balls  in  both  bags, 
that  is  8  X 1 1  =  88,  which  is  the  total  number  of  different 
possible  ways  of  drawing  out  two  balls  from  both  bags. 

Reasoning  in  the  same  way,  since  there  are  three  red 
balls  in  the  first  bag  and  foiu-  red  ones  in  the  second,  the 
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probability  of  drawing  two  red  ones  from  both  bags  at  the 
same  time  is  g  X^S-;  for,  the  total  number  of  different  pos- 
sible combinations  of  all  the  balls  in  both  bags  being  88, 
as  shown  above,  one  of  the  three  red  balls  of  the  first  bag 
may  be  successively  united  to  each  of  the  four  red  ones  in 
the  second  bag  and  form  a  different  pair ;  then  the  second 
red  ball  of  the  first  bag  with  each  of  the  four  red  ones  of  the 
second  bag;  and  finally,  the  third  red  ball  of  the  first  bag 
with  each  of  the  red  ones  of  the  second  bag,  which  is  equiv- 
alent to  multiplying  together  their  number  in  both  bags, 

Q-X  — :  similarly,  the  probability  of  drawing  two 


.  3X4  . 


blue  balls  together  is 


5X7 
8X11 


Ss.7 


That  is  to  say.  the 


probabilities  of  the  primary  events  being  separately  \  and 
i*r  for  the  respective  bags,  the  probability  of  the  compound 
event  for  both  bags  is  the  product  of  these  individual 
probabilities. 

To  consider  generally  a  compound  event  made  up  of 
any  number  n  of  simple  events,  let  p  be  the  probability  of 
an  event  happening  in  one  trial  and  /  its  failing,  so  that 
p  +  f  =  i:  from  what  has  just  been  stated,  the  probability 
that  all  will  happen  is  p",  since  that  of  each  is  p.  and  «  their 
number;  the  probability  that  {«— i)  events  will  happen 
and  one  fail,  in  n  ways,  is  n.p^"-''' .f;  similarly,  for(tt  — 2) 
events  happening  and  two  failing,  we  have,  according  to 


the  algebraic  theory  of  combination, 


«(«-i) 


".f. 


If. 


then,  (/>+/)"  be  expanded  by  the  binomial  formula,  it  be- 


(^+/)«=p--,-„.p("-u/+_— -  ,pi- 


-■'./'  +  etc.    (150) 
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In  this,  the  first  term  is  the  probability  that  all  wiH 
happen;  the  second  tenn,  that  (m-i)  will  happen  and  one 
fail;  the  third  term,  that  (n  — 2)  u-ill  happen  and  two  fail; 
and  so  on.  If  p  =/  =  \,  it  corresponds  to  the  case  of  throw- 
ing «  coins— say  6;  substituting  these  quantities  in  {150), 
it  gives  the  foUowing  series  as  the  numerical  values  of  the 
several  terms: 

A+A+H+H+H+A+A  .    ■    -     (15O 

That  is,  if  six  coins  be  thrown,  the  probability  of  the 
relative  numbers  of  heads  and  tails  appearing  in  a  single 
throw  is: 

That  all  will  be  heads ^ 

That  five  will  be  heads  and  one  tail -^ 

That  four  will  be  heads  and  two  tails. .  ..^ 
That  three  will  be  heads  and  three  tails,  .fj 
That  two  will  be  heads  and  four  tails. .  ..}J- 

That  one  will  be  head  and  five  tails -^ 

That  all  will  be  tails ^ 

And  the  sum  of  these  seven  probabilities  is,  of  course,  unity. 

If  at  0,  Fig.  517,  we  erect  a  perpendicular  Op  equal  to 
ao  parts  of  a  scale  divided  into  64ths,  and  then  on  each  side 
of  it,  at  equal  distances  {^,.  e.j,  e,),  erect  other  perpendiculars 
of  15,  6,  and  i  part  respectively  in  length,  and  draw  a  curve 
through  their  ends,  we  shall  have  a  graphic  illustration  of 
the  probabilities  given  above  numerically:  it  is  called  the 
probability  curve,  and  is  typical  of  all  matters  whose  proba 
bilities  are  calculated:  it  is  not  of  identical  contour  for  all 
cases,  but  varies  suitably  for  each,  while  preserving  the 
characteristic  form  shown  in  Fig.  517. 

The  MOST  PROBABLE  event  among  several  is  lliat  it^ich 
has  the  greatest  malhetnatical  probability  ;  in  the  above  case, 
it  is  i  J,  or  that  in  throwing  six  coins  they  will  turn  up  equally 
heads  and  tails. 
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If  a  skillful  marksman  fire  a  thousand  rifle-shots  at  a 
target  300  yards  distant,  they  will  mostly  hit  the  buU's-eye 
and  its  vicinity — equally  all  round :  if  a  series  of  rings  en- 
circle the  bull's-eye,  but  few  stray  shots  will  fall  in  the 
outer  one,  while  they  will  rapidly  increase  in  the  rings 
toward  the  center.     Plotting  the  number  in  each  ring  as 
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Fig.  517- 
an  ordinate,  and  the  diameter  of  the  ring  as  an  abscissa,  we 
should  get  a  curve  very  much  like  that  of  Fig.  517;  from 
the  examination  of  a  large  number  of  cases  like  this,  these 
axioms  have  been  formulated:  ist,  small  errors  arc  very 
much  more  frequent  than  large  ones;  2d,  positive  and 
negative  errors  are  equally  frequent;  3d,  very  large  errors 
do  not  occur. 

Every  shot  that  misses  the  bull's-eye  is  in  error,  and 
to  the  amount  of  its  distance  from  it :  there  is  the  greatest 
probability  that  an  expert  marksman  will  hit  the  center 
or  near  it,  and  the  least  probability  that  his  shots  will  fall 
near  the  limits  of  the  target ;  and  thus  the  probability  is  a 
function  of  the  error. 

Referring  to  Fig.  517,  if  errors  {x),  Oe,,  Oe^,  etc.,  be  laid 
off  as  abscissa,  and  probabilities  (,y).  Op,  e^p^,  etc.,  as  ordi- 
nates,  then  the  equation  of  the  curve  is 

y-/M (15O 
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The  second  member,  when  definitely  determined,  must 
express  analytically  the  axioms  stated  above;  that  is, 
ist,  the  maximum  ordinate  or  greatest  mathematical 
probability  must  correspond  to  a  zero  error;  the  curve 
must  be  symmetrical  with  regard  to  the  axis  of  Y ,  since 
plus  and  minus  errors  of  the  same  size  are  equally  proba- 
ble; and  3d,  as  x  increases,  or  the  errors  become  larger  in 
size,  y  must  decrease,  or  the  probability  of  their  occurrence 
grows  less,  until,  when  x  is  very  large,  y  must  be  zero,  i.e., 
very  large  errors  do  not  occur. 

306.  The  Law  of  Error.— Every  quantity  has  a  true 
value  which  it  is  the  aim  of  observation  to  determine: 
frequently,  however,  it  is  not  attained,  but  a  difference 
occurs- — ^an  error,  x\  if  s  denote  the  true  \-alue,  and  m  the 
observed  one,  then 

=  -•"--' ('53) 

If  we  calculate  the  most  probable  value,  w,  of  a  quantity, 
then  the  difference  between  it  and  the  individual  observa- 
tion, m,  is  called  a  residual,  v,  that  is, 

ii~»'-v (154) 

In  a  large  number  of  accurate  observations  the  true 
and  most  probable  values  practically  coincide,  so  that 
(153)  and  (154)  then  become  identical. 

The  most  probable  value  of  a  quantity  which  has  been 
measured  many  times  (mi,,  m„  »«, .  ,  .  m„)  with  equal  care 
is  the  arithmetical  mean  of  the  observations;  thus, 

"■  =  — ^ .    ■     ■     ■      (i5S> 

whence  ».«=»w,-!-»:a-l-t«,-|-.  .  .-|-»i„.     .     ,     .     (156) 

But  as  M  stands  for  the  number  of  single  observations,  this 
may  be  transposed  and  written  as  follows : 
n . «  —  tK,  ~  Mij  —  mj  —  »i  „  =  o ;    or 

(w-mj -!-(«-»(,)+  ...  -|-(h-»z„)=o;     (157) 
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which,  being  interpreted,  is,  that  the  arithmetical  mean 
requires  that  the  algebraic  sum  of  the  residuals  shall  be 
zero;  for,  by  (154),  («  — iw,),  («  — m,),  etc.,  are  the  residuals. 
Now,  referring  to  eq.  (152)  and  its  meaning,  we  may 
write  several  such: 


y,=/K);    :v,=/(-*^.); 


=  /(■*:-). 


isSJ 


These  express  the  probabilities  of  the  occurrence  of  n  sepa- 
rate systems  of  errors;  and,  by  Art.  305,  the  probability  P 
of  the  occurrence  of  all  together  will  be  their  product :  that  is, 

-P=.v,.J'.-y«=/U-,)-/(%)-/(^,).      .     -     {159) 

Taking  the  logarithm  of  (159),  we  have 

logP=log/(x,)  +  Iog/(r,)+log/(.r„).       .     {160) 

It  has  been  shown  in  Art.  305  that  the  most  probable 
value  of  the  unknown  quantity  r,  to  which  the  probabilities 
{y)  and  errors  (a-)  of  eq.  (158)  relate,  will  be  that  which 
renders  the  compound  probability  P  a  maximum;  the  first 
differential  of  (160)  must  therefore  be  equal  to  zero:  the 
reason  for  this  last  statement  will  be  found  in  any  Calculus 
under  the  heading  Maxima  and  Minima;  besides,  the  mat- 
ter is  explained  on  page  633  of  this  Treatise. 

Indicating  the  differentiation  of  (160),  and  dividing 
by  dz,  as  the  equation  relates  to  that  unknown  quantity, 
we  have 

dp _ djti,)  d.n^,)  d.Kx.)  _ 

d=  - Hxjdz  +  nx,)dz-i- nx,)dz  °-  ■  ■  '■""> 

When  the  differentiation  of  the  numerator  is  carried 
out,  it  generally  takes  this  typical  form  : 

d.nx}-nx).fix).dx (162) 

Adapting  the  numerator  of  each  term  of  the  second 
member  of  (161)  to  the  form  of  the  second  member  of  {162), 
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iiTid  suDstituting  the  results  in  (i6i),  it  becomes,  after 
reduction, 

The  errors  jt„  ar, .  .  .  x^ai  this  are  given  by  the  general 
form,  eq,  (153);  differentiating  that  for  each  value  of  x, 
and  remembering  that  *«  is  constant,  being  the  numerical 
value  of  the  unknown  quantity  found  by  observation,  we 
have  from  (153) 

,       ,  dx  , ,  ,        dx.     dx,    dx„ 

az  =  dx\  .',  j_-  =  1 ;  and  by  analogy  -,^  -^-j^  '^"nTT  ™  '•     ('''4) 

This  simplifies  eq.  (163),  so  that  it  becomes 

/'(^,)+/'{-^,)+  ...  +f'(x„)=o.       .     .     (165) 
As  already  explained,  in  a  large  number  of  careful  obser- 
vations the  residuals  (w)  and  errors  (x)  become  identical, 
and  the  sum  of  each  equal  to  zero,  that  is, 

Vi+Vt+v,+  .  .  .  +v,i=x^^  +  x,  +  x,+  .  .  .  +«„  — o.     (166) 

This  can  be  the  same  as  (165)  only  when  the  symbol  f 
means  that  each  term  of  that  equation  is  multiplied  by 
a  constant,  or  when 

f(^,)+f{a;J+  ...  -^r{xn)=c.x^+c.x,+  .  .'.  +c.x^.  (167) 
Deducing  the  values  of  f'(x^),  f'ixj),  etc.,  from  the  general 
form  (162),  and  substituting  their  equivalents  in  (167), 
this  becomes 

Since  this  is  true  whatever  be  the  number  {»)  of  observa- 
tions, the  corresponding  terms  of  the  two  members  are 
equal:  hence  if  a;  be  any  error,  and  y=f(x),as  predicated 
in  eq.  (152),  we  shall  have 

dy-d.f{x); (169) 
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using  this  general  value  of  x,  instead  of  x^  in  the  first  term 
of  each  member  of  (i68),  and  equating  those  terms,  we 
have,  after  substituting  values  of  (152)  and  (169): 

d.fix)  dy  f^y  J  1       ^ 

r,   ,  .    —c.x;  or  — J — c.x:  or  —  =c.x.dx.    .     (no) 

f{x)dx  '         y.dx  '  y  \   1   i 

Integrating  this  and  denoting  the  constant  of  integration 
by  k',  we  have 


J  y-=logJ'.     and     J  c. 


(171) 

whence  log  y  =  \c.Xj-^-k' (17a) 

As  the  second  member  is  the  logarithm  of  the  first  member, 
the  quantity  y  will  be  equal  to  the  base  of  the  Naperian 
system  (denoted  by  e)  raised  to  a  power  indicated  by  the 
second  member:  and  as  the  sum  of  logarithms  represents 
the  product  of  numbers  for  which  they  stand,  so  will  the 
two  numbers  e^  and  e*"'  become  a  product,  since  their 
logarithms  are  connected  by  plus  in  (172);    hence 

r=e*',e*='^' (173) 

According  to  the  principles  of  probability  established 
in  Art,  305,  the  probability  y  must  decrease  as  the  error  x 
iHcreases  in  size,  and  this  can  be  effected  only  by  making 
c  negative,  so  that  it  is  necessarily  so:  let  c  =—2k^\ 
.'.i[C'=  —W;  and  as  e*'  is  a  constant,  represent  it  by  k\ 
whence  (173)  becomes 

y-k.e-^'-' (.74) 

This  is  the  equation  of  the  Probabihty  Curve,  Fig.  517,  and 
the  second  member  is  the  definite  form  sought  for  the  un- 
determined j(x)  of  eq.  (15a).  Eq.  {174)  expresses  the 
Law  of  Probability  of  Observation  Errors. 

307.  The  Principle  of  Least  Squares.— Let  a  quantity 
whose  true  value  is  3  be  the  object  of  a  series  of  observa- 
tions, Wp  m, .  .  .  Hi„;    these  will  scarcely  be  identical  with 


^^^  this 
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the  true  value,  but  differ  from  it  by  small  errors,  x^,  x,  ,  ,  .  .r„ : 
then  by  means  of  eq.  (153)  we  have 

z-m,=x^\     z-m^  =  x,\     z-m„^x^.      .      (175) 

The  separate  probabilities  of  the  errors  jc,,  x^.  .  .  x„  occur- 
ring, are  by  eq.    (174): 

>',  =fe.e "*''■';     y^  =  k.e-'''''';  j'„=fe,c~*''i.    .     (176) 
factor  k  represents  the  precision  of  each  observation 
the  opinion  of  the  observer,  and  since  for  the  purpose  of 
this  enquiry  all  the  observations  are  regarded  equally  trust- 
worthy, h  is  the  same  in  all  the  equations  of  {176). 

By  Art.  305,  the  probability  P  of  committing  all  the 
errors  ^x^,  «, .  .  .  x„)  together,  is  equal  to  the  product  of  their 
individual  probabilities  as  given  by  (176);  that  is, 

p=>',,>',,j'„-=fe",^-'"<"'+"'+'i'.    .    .    (177) 

And.  as  explained  in  the  same  article,  the  most  probable 
system  of  errors  is  that  which  will  give  P  the  greatest  math- 
ematical probability,  that  is,  make  it  a  maximum;  also,  the 
most  probable  system  of  errors  corresponds  to  the  most 
probable  value  of  the  unknown  quantity  2:  in  eq.  (177), 
P  will  be  a  maximum  when  the  exponent  of  the  second 
member  (x,^  +  x^'  +  x„')  has  the  least  value,  that  is,  when 
X, '  +  -v,*  +  x„'  =  a  minimum,      ...     { 1 78) 

As,  however,  in  a  large  number  of  accurate  observa- 
tions, the  errors  and  residuals  are  identical,  we  have 

X,'  +Xj'  +  *,'  =  t\'  +  v^  -f-  u„'  =•  a  minimum.  (179) 

So  that,  from  eqs.  (177),  (178),  and  (179)  ihe  Principle 
of  Least  Squares  is,  that  for  observations  of  the  same  pre- 
cision, the  most  probable  value  (P)  of  the  ttnknown  quantity 
(z)  is  tliat  which  renders  the  sum  of  the  squares  of  the  residuals 
(v',  etc.)  a  minimum;  and  it  is  from  this  fact  that  the 
method  takes  its  name— the  residuals  are  the  kast  quan- 
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titles  that  enter  the  calculations,  and  it  is  their  squares 
that  are  considered. 

Only  one  unknown  quantity,  and  that  for  direct  obser- 
vation, has  been  dealt  with;  but  the  method  can  be  ex- 
tended to  any  number  and  to  indirect  observations.  The 
varying  precision  of  the  several  obser\'ations  and  the  means 
of  estimating  the  probable  error  of  results  have  not  been 
treated,  as  they  do  not  enter  the  Deviation  calculations 
based  on  the  principles  of  Least  Squares;  only  the  part 
essential  to  the  work  in  hand  has  been  deemed  necessary 
to  be  set  forth  here ;  but  this  understood,  the  other  parts,  if 
desired,  are  readily  learned  from  any  treatise  on  Least 
Squares. 

308.  The  obserration,  residual,  and  normal  equations. — 
The  case  of  three  unknown  quantities,  each  multiplied  by 
a  constant,  with  five  observations  of  equal  precision,  will 
new  be  considered;  and  what  is  true  of  this  definite  num- 
ber of  quantities  and  observations  admits  of  unlimited 
extension. 

Let  a,  b,  c,  be  the  constants;  z,,  z,,  z,,  the  unknown 
quantities;  and  m,,  w,,  m,,  m,.  Wj,  the  observations  upon 
them :  let  the  equations  be  as  follows : 

a,z,  +  i,2,  +  C,2,  =  M 
a,s,  +  6jSj  +  f  jS,  =  » 

QjS,  +  fcjE,  +  C,2,  =  (Kj,     [■    .  ...        (180) 

a^i  +  fe(3j  +  c.Ss  =  "1,, 

These  are  the  observation  equations,  each  arising  from 
one  observation  of  the  connected  quantities:  they  must 
be  adjusted,  since,  from  the  explanation  made  in  Art.  304, 
their  number  exceeds  that  of  the  quantities  to  be  deter- 
mined. If,  instead  of  regarding  z^,  z,,  z,  as  true  values, 
we  consider  them  the  most  probable  values,  then  by  sub- 
tracting their  observed  values  w,,  m,  .  ,  .  m^  from  them — 


goo 
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that  is,  tnmsposng  m,.  m,  . . .  Mt  to  the  left  hand  member 
in  each  equation — ve  get  a  series  of  residoab  as  stated  in 
coonection  with  equation  ( 154) :  performing  this  opeiatioD 
and  denoting  the  residuals  by  v^.v^v^v^v^.  we  have  this  set 
of  residual  equations: 

a,s,  +  \Zj  +  Cfy  —  m,  = 

aji^  +  b^-\-c^-m,=v„\.      .     .     .     (181) 
a^,  +  fr^  +  tf  ^  —  m ,  =  p,. 

In  these,  let  R^  stand  for  all  the  terms  in  the  first  member 
of  the  first  equation,  except  that  containing  s^,  that  is,  let 
J?,  =6^  +  17,^,  — m, ;  and  similarly,  let  R^ .  . .  R^  represent 
the  corresponding  terms  in  the  other  equations  of  the  group; 
then  they  become 

a^,  +  Rf=v^  j- (182) 

a^,  +  R,=i<„ 
a^,  +  Ri=t\.} 

Squaring  each  member  of  these,  and  adding  together  all 
those  on  the  right  hand  and  also  all  those  on  the  left  hand 
of  the  signs  of  equality,  we  have 

ia^z^  +  Ry+{a^^  +  Rjy  +  (a^,  +  R^^  +  (a^^+R;i' 

+  (a,^,  +  /f,)'=u,*+ir,'+i',*+V  +  V-     (183) 
According  to  the  principle  estabhshed  in  eq.  (179),  the 
most  probable  value  of  2,  in  (183)  will  be  that  which  ren- 
ders the  second  member  a  minimum,  that  is, 

•     i',*  +  f,*+v,'  +  i',"  +  i's'=a  minimum.  .     .     (184) 

This,  of  course,  requires  that  its  equal— the  first  member 
of  (183) — be  also  a  minimum;  and  to  effect  this,  its  first 
difEerential  must,  by  the  principles  of  Maxima  and  Minima, 
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be  placed  equal  to  zero:  differentiating  the  first  member  of 
(183),  then,  with  respect  to  2,,  we  have,  after  omitting  the 
common  factor  a.ds,  from  all  the  terms; 

aiayi!,+R;\-\-ala,:,  +  R,\+ala^,  +  R,]+aia,^,+  R,-\  +  ai,a^s,-\-R.:[-o.    (.85) 

Again:  in  the  first  equation  of  group  (181)  let  5,  stand  for 
all  the  terms  in  the  first  member,  except  that  containing 
2,,  or  let  5,  =a,s, +c,2,  — m, ;  and  similarly,  let  5, .  .  .  5, 
represent  the  corresponding  terms  in  the  other  equations 
of  the  group,  then  (181)  becomes: 

b^,  +  5,=-3'„  \ (186) 

ijZj  +  Sj  =T'(. . 

Proceeding  with  these  in  the  same  manner  as  with  group 
(182),  we  obtain  an  equation  similar  to  (183);  and  the 
most  probable  value  of  s,  wiU  be  obtained  from  it  in  the 
same  way  that  (185)  was  deduced  from  (183):  we  may 
therefore  write  the  last  equation  of  the  process: 
frJ6,?,+S,]+UV.+S.]4-fcJb,i,+S,H6Jf'i=.  +  5.]  +  '>j:V,+SJ-o.  {187) 
Finally:  in  the  first  equation  of  group  (181)  let  T^ 
stand  for  all  the  terms  in  the  first  member,  except  that 
containing  z^,  that  is,  let  T^=a^z^  +  b^3^  —  m^■,  and  similarly, 
let  Tj.  .  .  Ti  represent  the  corresponding  terms  in  the  other 
equations  of  group  (181) ;  then  we  should  get  for  z„  a  group 
like  (182)  for  s^,  and  like  (186)  for  2,;  that  is, 
c^z,  +  T,=v,'] 


(188) 


And  proceeding  with  g^oup  (188)  in  the  same  way  as  with 
the  other  two  groups,  we  should  eventually  obtain  eq.  (189) 


I 


to  eapress  the  most  piobable  ^'ahie  cf  s,  in  the  same  «»g»n 
tbat  (185)  and  (187)  do  for  r,  and  z^  respectivehr: 

Eqs.  (185).  (187),  and  (1S9)  are  tbe  normal  ajmoImmus 
and  no  more  can  be  fomwd  £nnn  the  group  ctf  lesidnals  (181); 
tbe  fire  of  that  group — tbe  same  in  number  as  the  ofae 
Tations — ha\'e  tberefore  been  reduced  to  three  aomat 
eqoatkns:  and  from  these  the  three  unlcnown  quantities 
(1,,  s^  z^  can  be  determined  by  usual  a^braic  prttcesa^ 
and  tbe  vahies  so  gotten  are  the  most  probable,  and  wiQ 
the  normal  equations. 

It  only  remains  to  point  out  tbe  characteristic  feature 
cf  the  normals,  and  this  is  most  important,  because  it 
affords  the  principle  upon  which  any  number  of  observa- 
txm-equatkms  of  the  de\'iat>ons  can  be  reduced  to  the  fsnr^ 
number  of  normals  as  the  magDetic  coefficients  to  be  deter- 


In  each  normal  equation  there  are  ^\e  s€ts  of  quanti- 
ties— each  set  within  brackets;  the  first  farm  of  each  sti 
in  the  saine  normal  contains  one  particular  unknown  quan- 
tity, coonected.  however,  with  different  coefficients;  in  all 
three  normals — (185),  (187),  (189) — each  quantity  within 
brackets,  that  is,  in  reality,  each  residual  equation  of  gioop 
{181),  is  multiplied  (outside  the  brackets)  by  the  coefficieiit 
of  the  unknown  quantity  in  its  own  residual  equatitm;  or, 
more  exphcitly.  the  first  normal  (185)  for  r,  arises  from  mul- 
tipI>Tog  tbe  first  equation  of  group  (181)  by  a,,  the  second 
of  tbe  group  by  a,,  the  third  by  a^  the  fourth  by  o^  and 
the  fifth  by  a„  and  adding  the  results:  and  each  of  these 
multipliers  (a,,  a,  ...  aj  is  the  coefficient  of  2,  in  the  se\'eial 
equations  of  group  (181).  Similarly  for  {187),  &,,  6,  ...  ft, 
are  the  multipliers;  and  Cj.  c,...c^  for  (189).  Frona  this 
is  deduced  the  Rule  for  forming  the  Xormal  Equations: 
For  each  ohservaium,a.rite  an  equation  of  the  cotmecUd  ^lum- 
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iities  and  thence  deduce  the  residual  equations;  from  these 
form  the  normal  equations  thus: — -take  each  residual  equation 
and  multiply  it  by  the  coefficient  of  the  first  unknown  quantity 
in  that  equation;  add  the  results  and  the  sum  will  be  tlte  nor- 
1  mal  equation  for  that  unknown  quantity.  Similarly,  take 
each  residual  equation  and  multiply  it  by  the  coefficient  of 
the  second  unknown  quantity  in  its  own  equation;  do  the 
same  for  each  unknown  quantity. 


Section  Two:  The  Magnetic  Coefficients  deduced  by  the  Method 
of  Least  Squares. 

309.  Observation- equations  that  may  form  the  Basis  of 
the  Operations. — Tlie  deviLitions  may  be  calculated  by  eq. 
(149),  but  it  contains  twelve  terms^many  more  than  are 
essential  for  the  customary  accuracy,  and  needs  at  least 
twelve   observations   to   determine    the   coefficients   .4,  B, 

C, M,  -V.      Five  terms  generally  suffice,  and  eq. 

(134),  which  is  exact,  is  often  used  as  the  starting-point: 
it  has,  however,  the  quantity  sought  (5)  connected  with 
the  known  quantities,  and  this  is  troublesome. 

Eq.  {125)  is  very  convenient;  it  affords  only  the  approx- 
imate coefficients,  however,  but  these  once  determined,  the 
exact  coefficients,  to  the  number  of  twelve,  can  be  deduced 
from  them,  and  then  accuracy  to  the  third  order  of  small 
quantities,  when  required,  is  attainable:  (125)  will  there- 
fore be  used  as  the  basic  equation. 

310.  The  Coefficients  obtained  by  Method  of  Least 
Sqoares. — Reproducing  (125),  it  is  given  number  (190) 
here  in  the  natural  sequence, 

t=A-\-B.sm  c'  +  C.cos  c'  +  J^.sln  2!^-\-E.cos.  z^'.      (190) 

The  deviation  8  is  observed  on  the  compass  course  ^,  so 
that  S  and  C  ^"^  known ;  the  quantities  to  be  determined 
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are  A,  B,  C,  D,  E — and  five  eqtiations  like  (190)  are  the 
least  that  will  give  them:  any  algebraic  process  will  afford 
the  solution  in  this  case.  In  ortler  to  take  advantage  of 
whatever  number  of  observations  may  be  made,  recourse 
must  be  had  to  the  method  o£  Least  Squares. 

Let  the  observations  be  made  on  the  33  compass- 
courses  i^d',  Ci'>  Ci'  ■  -  ■  Cai'i  ^"fl  '^^  the  corresponding 
deviations  be  designated  by  S^,  5,.  5, .  .  .  ^j, ;  then  the 
32  equations  similar  to  {190)  are; 

d„=.4+B.sin  Co'  +Ccos  Co'  +ZJ.sin2C<i'  +£.cos  Ce'. 
5,=.4+B.sin  Ci'  +C.COSC.'  +Z).sin3Ci'  +£.cosc,', 
5,=.4+B.sin  c'  +Ccos"c,'  +/;'-sin  2C1'  +^.cosCi'. 
5,=.-l +5.sinc,' +Cc()SCs' +D.sin  sCs'  +  ^'CosCj,'.  \    (191) 


5j,=^  +  fi.sinc'ai  +C.cosC'H+/5.sin2Csi+£-cosC'„. 

In  these,  the  sines  and  cosines  may  be  replaced  by  their 
symbols  5o,  5j,  5j .  .  .  5„  shown  in  Fig.  511 ;  but  it  must 
be  remembered — first,  that  sin  2^/  =sin  c/i  sin  2C,'  "sin  ^,', 
cos  2Ci'=cos  Ci'i  etc.;  that  is,  for  each  multiple  angle  (2^*) 
■we  must  use  the  symbol  that  represents  the  sine  or  cosine 
of  twice  the  single  angle ;  second,  that  sines  and  cosines  of 
angles  whose  sum  is  90"  are  complementary;  so  that, 
although  5„  5,,  5, .  .  .  5^  represent  only  sines,  still  they 
can  be  used  for  cosines  by  employing  those  proper  to  the 
complement  of  the  angle;  for  instance,  sin  Ci'=-5',,  but 
cosCj'=-5fl,  because  Cj'=22°3o'  and  C«'=^7°3o'>  ^nd 
C/  +  Cs'=9o°;  third,  that  certain  values  of  sine  and  cosine 
reduce  the  terms  in  which  they  occur  either  to  unity  or  to 
zero;  this  is  shown  in  paragraphs  [5]  and  [6]  of  Art.  296; 
when  such  is  the  case,  the  factor  will  still  be  inserted  to 
preserve  the  symmetry  of  the  equations:  with  these  con- 
siderations in  view,  and  regard  for  the  proper  algebraic 
signs  of  the  functions,  group  (191)  becomes 
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(192) 


These  are  the  observation  equations.  To  form  the  normal 
equation  for  .4,  eacli  of  the  32  equations  of  tliis  group  must 
be  multiplied  by  the  factor  of  .4,  which  being  unity  through- 
out, does  not  change  the  value  of  any  term;  then  adding 
together  all  the  members  on  each  side  of  the  sign  of  eqiiality, 
■we  have 

*,+  3,+  3,+  3,4-  .  . .  +5„-33.4  +  i;tennsinB,  C,  D,  E].      (193) 

But  by  eqs.  {46)  and  (47),  page  858,  all  the  terms  within 
brackets  in  (193)  reduce  to  zero,  so  that  the  mirmal  for  ,4  is 


whence 


32A=S,  +  3,  +  3^  +  d^+  . 
d^+S,  +  d,  +  d,+  .  . 


32 


(194) 


To  form  the  normal  for  B,  each  of  the  32  equations  of 
group  (192)  must  be  multiplied  by  the  factor  of  B  in  its 
own  equation,  that  is,  the  first  one  of  the  group  by  5(„  the 
second  by  S,,  the  third  by  Sj,  and  so  on ;  and  then  the  mem- 
bers on  each  side  of  the  sign  of  equality  added  together: 
by  Fig.  5 1 1  it  is  seen  that  (numerically)  the  factor  5,  for 
the  obser\'ation  dt,  at  north  is  the  same  as  that  for  3i,  at 
south,  and  that  the  factor  5^  for  the  observation  5,  at  n. 
by  E,  is  the  same  as  that  for  5,,  at  s.  by  w.,  and  so  on;  we 
may  therefore  group  the  left-hand  members  of  the  separate 
equations  of  (192)  when  added  together,  according  to  the 
factors  5b,  S^,  5,  .  .  .  5s;   with  proper  regard  for  the  signs 


of  sine  and  cosine  in  the  different  quadrants,  the  normal 
equation  for  B,  then,  is  (195). 


Normal  Equation  for  B. 


Left-haitd  member. 


w. 

-5,.)S, 

+  4(«, 

-5„)5, 

+4(«, 

-5,.)S. 

+  4(5, 

-5,.)5, 

+  4(3. 

-5J5. 

+  4(3> 

-5.,)S, 

+4(5. 

-5JS. 

+  4(5, 

-i,.)S, 

+4(5. 

-US. 

+4(5. 

-\.)S, 

+  4(5,. 

-5„)S. 

+  4(5,. 

-5,.)S. 

+4(5,. 

-5..)S. 

+  4(5,, 

-5„)S. 

+4(5,. 

-5„)S. 

+4(5,, 

-5„)S, 

JA 


Rif;!tt~ha}id  member. 
•S.-S,  +  2lS,-S,+S, 

-s,+s,-s,+s. 
-s,+s,-s,+s, 

I      -S,+S,-S,) 

,  ,_(2V  +  4(S,"  +  S,'  +  S,"  1 
•■*   i     +S,=+S.'+S.'+S,>)  j 

r4C-!       -S,S,  +  S,S,-S,S, 
I.      +S.S.-5^.) 


2(S,5,-S,S,+S,S, 

-s,s,+s.s,-s.s, 

+S,S,-S,S,+5,S, 
-5,5,  +  S,S,-SA 
+  SA-S,S,) 


HD\ 


k 


[      +5^,-5^,) 

All  the  factors  within  brackets  of  the  second  member 
of  (195),  except  that  of  B,  have  two  identical  terms  of  oppo- 
site sign;  so  that  .4,  C,  D,  E  reduce  to  zero.  The  value 
of  the  factor  of  B  will  now  be  found :  remembering  the  sig* 
nification  of  S^,  S^  .  .  .  S^,  Art,  296,  we  have  by  Trig., 
5,  =  I,  .',  5g'-=i ;  the  pairs  5,  and  5„  5j"and  5,,  5,  and  5j, 
are  complementary,  so  that  sin'  +  cos*  of  each  pair  is  equal 
to  unity,  that  is,  5,^  +  57'  =  i,  5j'  +  5|,'  =  i,  and  S^'  +  S^'  —  i; 
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also  S^=\•.  substituting  these  in  the  factor  of  B,  it  becomes 
l2Ci)+4(i  +  i  +  i  +  i)}=i6.    .     .     .     (ig6) 
Denoting  the  left-hand  member  of  (igg)  by 

-f[l(3....«.,)CS....S,)],     .    .    .    (.97) 

and  substituting  (196)  and  (197)  in  (195),  the  latter  becomes 

-^[M^--.3„)(5,...5,)]  =  lflii6i=8S;    .     (.98) 

whence  S  = ^ .      .     .     (199) 

To  form  the  normal  equation  for  C  each  of  the  32  equa- 
tions of  (193)  must  lie  multiplied  by  the  factor  of  C  in  its 
own  equation ;  that  is,  the  first  by  S„,  the  second  by  S„ 
the  third  by  5„  and  so  on ;  then  the  procedure  is  the  same 
as  that  to  get  the  normal  equation  for  B,  and  indeed  that 
for  C  is  quite  similar  to  the  one  for  B :  the  identities  and 
differences  are  these — the  left-hand  members  of  both  arc 
the  same ;  of  the  terms  of  the  right-hand  members,  those 
in  A  and  D  have  identical  factors  within  brackets ;  of  the 
terms  in  B  and  C,  the  factors  within  brackets  are  alike, 
except  that  5,'  occurs  in  the  normal  for  B  and  5o'  in  that 
for  C ;  also,  these  factors  are  interchanged — that  of  B  in 
the  normal  for  B  is  the  factor  of  C  in  the  normal  for  C;  the 
factor  of  C  in  the  normal  for  B  is  the  factor  of  B  in  the  nor- 
mal for  C\  factor  of  E  is  the  same  in  both  normals,  except 
that  it  has  {S^„  —  SaSn)  in  the  normal  for  B,  and  {S^^  —  S,^) 
in  that  for  C.  The  procedure  with  the  normal  for  C  is  the 
same  as  that  for  B  between  equations  (195)  and  (199),  so 
that  the  value  of  C,  which  is  similar  to  (199),  may  be  written 
at  once : 

I[i(d,...^0(.S„...S,)] 
C= g    — .      ■     ■      (300) 

To  form  the  normal  for  D,  multiply  the  first  equation 
of  group  iigs)  by  S^.  the  second  by  5,,  the  third  by  5„  and 
so  on — each  equation  by  the  factor  of  iP  in  that  equation; 


k 
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and  then  proceed  as  with  B  between  eqs.  {194^  and  (195), 
whence  eq.  {201).  which  is  the  normal  for  D. 

As  with  (19s)  for  jB,  so  with  (201}  for  Z>,  the  observa- 
tions of  i5o.  ^,,  5,  .  .  .  5„  are  grouped  according  to  the  factors 
5,1,  Sp  5, .  ,  ,  5,,  due  regard  being  had  to  algebraic  signs; 
also,  (19s)  was  divided  throughout  by  2,  as  indicated  by 
the  factor  \  connected  with  every  term — similarly,  (201) 
is  divided  throughout  by  4,  as  indicated  by  the  factors 
(i){i)  in  tbe  first  member,  and  \  in  the  second. 
Normal  Equation  for  D. 


Left'hdiid  member. 


<Hi-)s. 

-i(H^>. 

A^h 

-i{'-+'")s. 

.4(^>. 

-<4^t, 

Am- 

-<i'-").. 

.<H^")s. 

-<^-)s. 

-K'^h 

-i'^h 

.i(^-)s. 

-<M^)s. 

+  <^»)5. 

-<^)s. 

1. 

Rigkt-hafid  member. 
M[2(S.-5,) 
+  4(S,-S,+S. 
-5. +  5. -5,)] 
+  iB[2(S,S, 
-5,S,+S,S, 

-s,s,+s,s. 

-5.S.+SA 

-S^t  +  SX 
-5.S,  +  S.S, 
-5A)1 

-S^.  +  S,S. 

-5,S.+S,S, 

-SA)1 
+  1D[4V  +  8(S," 

+5.'  +  S.')] 
+}£[4(S.S. 

-S.S,) 

I  +s(s,s,-s,s,)] 


{201) 
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In  (aoi),  the  factors  within  brackets  that  are  connected 
with  A,  B,  C,  and  E  contain  two  identical  qtiantities  of 
opposite  sign,  so  that  those  terms  reduce  to  zero,  leaving  only 
that  containing  D ;  the  value  of  this  is  found  in  a  manner 
similar  to  that  of  Sin  (195),  that  is;  5,^-=i;  5j'+5g'  =  i; 
•5*'  =  i ;  substituting  these  in  the  factor  of  D,  it  is 
[4(1) +8(1  +  J)]  =  16;   hence  the  second  member  of  (aoi)  is 

iD[i6]=4D Cao2) 

Substituting  this  and  the  equivalent  of  the  first  member, 
represented  by  a  quantity  analogous  to  (197)  and  desig- 
nated by  J,,  in  (aoi),  this  becomes 


whence 


-i-.[K«,...°%,)(S....5.)]-4£>; 
IXi{S,...S„){S,...S,)] 


U 


(203) 
(204) 


To  form  the  normal  equation  for  E,  each  equation  of 
group  (192)  is  multiphed  by  the  factor  of  £  in  it,  that  is, 
the  first  by  5„,  the  second  by  5„  the  third  by  5„  and  so  on ; 
the  procedure  then  is  the  same  as  that  for  obtaining  the 
normal  for  B:  the  left-hand  member  of  £  is  identical  with 
that  for  D,  so  that  (203)  may  be  used  at  once  to  represent 
it;  the  normal  for  E,  then,  is 

2,\i(^,...S„){S,...S:i]- 

i/l[2(S,-S.)+4(S,-S,  +  5,-S.  +  S,-S,)] 
+  iB[SA--SA  +  2(S,S,-5,S,  +  S,S,-S,S, 

+ S,^,  -  S^,  +  S,5,  -  S,S,  +  S,5,  -  S,S, 

4_5^  _5  c }] 
+  iaS.'-S.'  +  2(SA-S.S,+5.5,-S.S,       \    (205) 

+ S,^,  -  SA  +  S.S.  -  S,S, + S.S,  -  S.S, 

+  iD[4(S,>-S.')+8{S,S,-5,S,)J 
+  i£[4S.=  -l-8(S.=  +  S,'+5,')]       ■ 
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The  terms  containing  A,  B,  C,  D  reduce  to  zero,  and 
the  value  of  the  factor  of  E  is  [i6],  so  that  the  second  mem- 
ber of  (205)  becomes  4E;  hence 


£  = 


T,ti(3„...3„,)(5„...5,)l 


C206) 


Equations  (194),  (199),  (200),  (204),  and  (206)  consti- 
tute the  mathematical  foundation  of  Form  10  for  analyz- 
ing  the  deviations  given  on  pages  920  and  921.  Those 
equations  give  the  value  in  degrees  and  minutes  of  the 
coefficients  .4,  B,  C,  D,  E  in  terms  of  the  observed  devia- 
tions 3„,  5j,  5j .  .  .  (J,j  and  the  natural  sines  5^,  S,,  S^ .  .  .  S, 
of  the  32  compass  courses  (^')  on  which  the  observations 
were  made.  Similar  formulas  are  obtained  in  the  same 
way  for  observations  on  16  or  8  equidistant  points. 

311.  Computation  of  the  Exact  Coefficients. — Eq.  (149) 
is  based  on  the  retention  of  the  third  order  of  small  quan- 
tities which  are  defined  in  Art.  303,  and  is  exact  to  that 
degree;  eq.  (190),  which  forms  the  basis  of  the  computa- 
tion of  the  coefficients  in  Art.  310,  is  identical  with  (149) 
to  the  same  number  of  terms  in  both,  but,  having  only  five, 
the  coefficients  of  Art.  310  are  approximate.  Eqs.  (148) 
and  (149)  are  identical,  the  quantities  within  brackets 
of  the  former  being  represented  by  single  letters  in  the 
latter;  these  several  equalities — that  is,  corresponding 
terms  in  (148)  and  (149)  connected  with  the  same  function 
and  multiple  of  f' — ^will  now  be  reproduced:  St,  A,  %  E 
are  small  quantities  of  the  second  order,  and  93,  B,  S,  C, 
3),  D  of  the  first  order.  Then  from  (148)  and  (149), 
equating  corresponding  terms,  we  have : 

^=S( (207) 

£  =  3j  +  ii8.G'  +  i'-S«-|-}i9.S»-iS3.S-je.(£.    (208) 

c=e-j9j.g+i93».G-i-ie.3>+iS.a)»+iS».    (209) 
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IJ=3) (210) 

£  =  3r.3)  +  e (an) 

F  =  J©.I)-331.3)'-,V«'  +  i».S'-i(I.(S.    .  (212) 

C^-4i8.(E-iSB*.E+iS.5)  +  je.2)'  +  ,ve'.    .  (213) 

w=i^' C214) 

iC-g.aj (zi5) 

Z.-IS.S' (216) 

M=ie.2^ (217) 

/^=JS' (318) 

Remembering  that  the  five  coefFicients  A.  B,  C,  D,  E 
are  expressed  in  degrees  and  minutes,  it  is  seen  byeqs.  (126) 
and  (127),  page  882,  that  the  values  of  the  sine  and  cosine 
of  an  arc  in  terms  of  the  arc  itself,  to  the  third  order  of 
small  quantities  inclusive,  are 

sinS=B-§B'.     .     C219);  and  cos  S-i-JB*.     ,     (220) 

From  these  and  eq.  (23),  page  856,  we  have 

—  =  i-cos  S^versin  B      .     .     .     (221) 

and  B  =  sinS+(S}(^.^');       .     .     .     (222) 

whence 

i,=si„i.  +  (sins4)(i.5^) 

The  last  term,  being  of  the  fifth  order,  must  be  omitted; 
hence 

B=sinB(i+^.-^j=sinS{n-JversinB).      (234) 
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C—sin  C(i  +  J  versin  C) (a^s) 

!  i?  =  sinD(i+i  versinD) (226) 

eqs.  (224).  (225).  and  {226)  when  necessary,  and 

lues  of  ?t  and  S  which  will  be  determined  first,  we 

J      proceed  to  deduce  the  Exact  Coefficients  in  terms  of 

A,  a,  C,  D,  E  from  eqs.   (207)  to  (218),  retaining    small 

quantities  to  the  third  order  inclusive. 

Prom  (207)  and  (219)  by  analogy 

SI=^=sinA (227) 

From  {210)  and  (226) 

3^=Z?  =  sinD(i  +  i  versinZ?).    .     .     .     (228) 
From  (211),  {227),  and  {228) 

(£  +  51.35  =£;  hence    G  =  sinE-sin  A.sin  D.     (229) 
Factoring  {208),  and  rearranging  its  terms,  it  is 

If  we  square  both  members  of  (230),  and  reject  in  the 
result  the  fourth  and  subsequent  orders,  it  becomes 

ffl'-S'.5;-B>; (231) 

whence 

93»(i-2))  =  fi=,    and    a3"  =  ^-^jg-B'+B'.3).      (232) 

S  S 

Substituting  this  value  of  ffl'  in  (230),  and  transposing  — ^, 

we  have 

®^-7  +  -8+^-^-8+Th^^~-       ^""^^^ 


On  dividing  both  members  of  (233)  by  the  factor  of  5 
within    parentheses,  we    obtain    eq.  {234),  after  rejecting 
quantities  of  the  fourth  and  higher  orders: 


By  (232)  it  is  seen  that  as  a  result  of  squaring  (230), 
59'  is  equal  to  B^  plus  a  term  B'.l);  but  that  in  (234)— 
which  is  the  quolient  of  the  second  member  of  {233)  by 
the  factor  of  99  in  the  first  member — the  term  B'.B  has 
disappeared,  because  it  produced  terms  of  the  fourth  and 
higher  orders. 

Now,  comparing  the  quantity  within   parentheses  of 

the  last  member  of  (234)  with  the  factor  of  21  in  (230),  it  is 

seen  that,  with  some  changes  of  sign,  they  are  the  same — 

3)' 
only,  that  B'  has  replaced  93*,  and  —  has  disappeared, 

because  in  passing  from  (233)  to  (234),  it  also  produced 
terms  of  the  fourth  and  higher  orders. 

If  (209)  be  arranged  as  (208}  was,  an  equation  for  ®, 
symmetrical  with  (230)  for  S8,  will  result;  and  operating 
on  this  in  the  same  way  as  on  (230),  we  should  obtain  an 
equation  for  G  entirely  analogous  to  (234)  for  '&:  thereforc, 
ffi*  and  6' — as  well  as  ^  and  G  which  are  coupled  respectively 
with  6  in  (208}  and  (209) — can  be  replaced  directly  by 
B',  C,  B,  and  C;  because,  while  their  values  when  found 
as  in  (232)  are  connected  with  other  terms,  still  these  dis- 
appear in  the  operations,  on  account  of  producing  higher 
orders  than  the  third.  As  a  result  of  these  facts,  we  may 
therefore  write  at  once  an  equation  for  S  derived  from  (209), 
analogous  to  {234)  for  S  derived  from  (208);  and  at  the 
same  time  we  may  replace  2)  by  ZJ  and  ffi  by  £ ;  the  equa- 
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d  6  respecti\-elv.  both  sJmilar  to  (»34),  tben 

Substituting  in  (235)  the  necessary'  values  frc»n  (324) 
to  (239)  and  tben  performing  the  indicated  operations  on 
(235).  we  obtain  (^2371.  ajter.  bowe\-'er,  rejecting  all  t^rms 
of  the  fourth  and  higher  orders,  of  which  several  will  result 
fir>m  squaring  and  multiplying  as  re<juircd  in  (235),  The 
sum  of  the  exponents  of  a  term  determines  its  order:  sin  B, 
sin  C,  sin  D  are  each  of  the  first  order  and  first  power,  so 
that  the  product  of  all  three  wouM  constitute  a  term  of 
the  third  order;  sin  ^,  sin  E,  and  the  versines  of  B,  C.  D, 
are  each  of  the  second  order,  and  any  two.  or  one  of  them 
connected  with  two  of  the  first  order,  wTDuld  constitute  a 
term  of  the  fourth  order ;  it  is  such  terms,  and  others  con- 
taining higher  orders,  that  are  rejected  in  passing  from 
(235)  to  the  following  equation: 
93  =sin  £[1  -l-i  versin  5  +  }  sin  77-1  sin*  5 

—  \  sin'  C\  +  J  sin  Csin  K.     (237) 

Substituting  in  this  the  arc  for  its  function  in  the  case 
of  sin'  B  and  sin'  C,  it  is 

S=sinSri+-  versin  B-H-sinO--.---^ 
L       3  2  4    2      4  2J 

+  i  sin  Csin  £.    (238) 

This,  by  means  of  eq.  (23),  page  856,  becomes 

SB  =sin  B[i  -l-i  versin  5  +  }  sin  ZJ- J  versin  B 

—  \  versin  C]  +  J  sin  C .  sin  £.     (239) 

whence 

iB=sinB[i+isini'  +  -^  versin  B  —  }  versin  C] 

+  J  sin  Csin  K.     (340) 
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And  by  a  similar  procedure  with  eq.  (236)  we  obtain 
the  following: 

S^sin  t7[i  —  J  sin  -D+Vi  versin  C  —\  versin  B] 

+  i  sin  B.sin£,     (241) 

Eqs.  (227),  {228),  (229),  (240),  and  (241)  are  those  given 
on  "Form  10,  Analysis  of  Deviations,"  for  computing 
the  Exact  Coefficients;  see  page  921. 

The  value  of  the  remaining  sxaci  coefficients  F,G,H .  .  .  N, 
in  terms  oi  A,  B,  C,  D,  E,  will  now  be  obtained  from  eqs, 
(212)  to  (218),  which,  as  already  stated,  are  the  comparison 
of  the  coefficients  of  corresponding  terms  in  (148)  and  (149) ; 
the  procedure  need  not  be  given  in  detail — it  is  entirely 
analogous  to  that  practised  upon  eq.  (208)  to  obtain  (240), 
Since  S9.S)  =B(D  +  *D=},  from  multiplying  (228)  and  (235), 
member  by  member,  and  rejecting  in  the  result  the  fourth 
and  subsequent  orders,  we  hence  have  from  (212) 

Similarly,  from  (228)  and  (236),  '&.'$)  =C{D-\D*),  whence, 
by  substitution  in  (213),  this  becomes 

C  =  CIiD  +  AC'-iS>  +  JD']  +  iE.S.       .     (243) 

Then  from  (214)  to  (218),  respectively,  we  have  directly, 
to  third  order  of  small  quantities  included: 

H  =  hD' {244) 

K=E.D (245) 

L^IB.D^ (246) 

M-\C.D' (247) 

N  =  \D' (248) 

The  computation  of  the  coefficients  F,  G,  H  . . .  N  will  be 
illustrated  in  the  next  section. 
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Section  Three:  An^ysis  and  Compatati<Ki  of  tbe  Deriations. 

313.  Compass  Report— Fonn  7 — Tins  was  de\'ised  in 
the  Compass  Office  in  1882.  and.  until  recently,  was  known 
as  Form  [I]. 

It  was  designed  to  be  a  convenient  form  for  recording 
all  tbe  data  relati\"e  to  tbe  observ-alitMis  and  deviations, 
either  while  steaming  in  a  circle  or  swinging  at  anchor, 
using  tbe  Sun  or  a  terrestrial  mark  as  the  object  of  observa- 
tion. With  but  few  alterations  consequent  upon  the  changed 
conditions  on  shipboard,  it  is  tbe  same  that  has  been  in 
use  in  the  Naw  (or  tbe  past  twenty  years,  and  therefore 
requires  no  special  explanation.  Besides,  the  Form  itself 
indicates  the  mode  of  pnxedure :  it  is  reproduced  on  pages 
9i8-'i9  with  a  complete  series  of  obser^-ations  made  at  sea 
on  board  the  V.  S.  S.  Concord. 

313.  Method  of  analyzii^  tbe  Deriatioiis — Form  10. 
Like  the  Form  of  the  preceding  article,  Form  10  has  long 
been  in  use  in  the  Navy,  and  known  as  Form  [A"]. 

Comparing  Form  10  with  eqs,  (195)  to  (201).  Art,  310. 
it  will  be  seen  that  its  cohjnms  are  but  a  tabular  arrange- 
ment of  the  quantities  in  those  equations :  the  mathematical 
basis  of  tbe  Form  being  thus  pointed  out,  its  practical  use 
will  now  be  described. 

A  series  of  obser\-ations  haxing  been  made  for  Form  7, 
pages  9i8-'i9.  the  resulting  deviations,  col.  (9)  of  Form  7 
are  transcribed  to  cols,  (s)  and  (4)  of  Form  10.  pages  92o-'2i : 
to  illustrate  the  use  of  the  Form,  the  deviations  of  the  steer- 
[  ing  compass  of  the  U.  S.  S.  Atlanta  will  be  analyzed.  This 
ship  is  a  protected  steel  cruiser  of  3000  tons,  with  a  battery 
of  eight  hea\'y  guns:  she  was  swung  at  the  buoys  of  the 
Compass  Station,  Newport,  R.  I..  Sept.  i8and  19,  1886.  and 
the  observations  were  made  on  the  32  compass-points. 


ANALYSIS   OF   THE   DEVIATIONS.  Ql? 

The  case  of  the  steering  compass  is  selected  because  of 
its  iiKfavorable  location  as  regards  directive  force  and  de- 
viations, the  latter  attaining  a  maximum  of  50^;  it  will 
therefore  be  a  severe  teet  of  certain  matters  to  be  illustrated. 

Form  10  consists  of  three  parts,  headed  Tables  I,  II, 
and  III;  and  the  chief  liability  to  error  in  its  use  is  the 
manipulation  of  the  algebraic  signs:  therefore  it  must  be 
remembered  that  plus  multiplied  by  plus,  and  minus  mul- 
tiplied by  minus,  both  produce  plus;  that  plus  multiplied 
by  minus  produces  minus;  and  that  the  "sum"  of  quan- 
tities means  their  numerical  difference  when  of  opposite 
sign,  but  their  addition  when  of  the  same  sign — the  result 
in  the  former  case  receiving  the  sign  of  the  greater  quan- 
tity. On  account  of  the  \'aried  signs  of  the  parts  composing 
the  exact  coefficients,  especial  care  is  necessary  in  Table  III 
■of  Form  10.  Upon  entering  the  deviations  in  cols.  (2)  and 
(4),  Form  10,  pages  gao  and  921,  mark  all  that  are  easterly 
plus,  and  aU  that  are  westerly  minus.  The  multipliers  S^, 
5„  Sj ,  ,  .  5g  have  their  signs  determined  by  the  quadrants 
in  which  their  angles  fall— Fig.  511. 

In  the  case  of  the  Atlanta,  sin  B  and  sin  C  are  minus, 
although  both  apparently  belong  to  angles  less  than  90°, 
and  should  therefore  be  in  the  first  quadrant,  where  the 
sine  is  plus ;  this  seeming  inconsistency  is  not  real ;  for  the 
starboard  angle  a,  calculated  from  B  and  C,  is  199"  53', 
therefore  in  the  third  quadrant,  where  the  sine  is  minus, 
and  thus  the  signs  of  S  and  C  are  in  accord  with  the  Trig- 
onometrical fact. 

By  eq.  {23),  page  856,  versin  x  =  \  —cos  x:  as  the  cosine 
is  always  less  than  unity,  the  versin  is  therefore  plus,  what- 
ever be  the  actual  sign  of  x. 

Column  (5),  Form  10,  p.  920,  is  formed  by  taking  half  the 
algebraic  sum  of  the  quantities  on  the  same  horizontal  line 
in  cols,  (z)  and  {4),  and  giving  the  result  the  sign  of  the 
greater :  col.  (i  i)is obtained  from  (9)and  (10)  in  the  same  way. 
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Form  7. 

Compass  Report. 

U.  S.  S.  Concord:  Observations  tor  this  series  of  deviations 

made  on  the 

6th  day  of  FebnlHr>-,   1892, 

at  sea,  in  latitude  34°  50'  S.  and 

longitude  54" 

ao'  W. ;    object  observed,  s 

observations. 

Ship-.  H«<1 

Local 

A. 

mmh  of  Sun 

'ir?^ 

by  W.Uh. 

Comriion  on 
1.  ap.  t. 

Obstrvation. 

byBridps 

(0 

(1) 

(Jl 

(4} 

,„         ■    I 

N. 

7"   58"     0' 

"3     -g 

7h   46"  51' 

N. 

84'  3^  E. 

N.  by  E. 

7     5+     30 

■i  S=- 

7     43     " 

N. 

84  45    E. 

N.  NE. 

7     51       0 

7     39     31 

N. 

85  30  E. 

NE.  by  N. 

7     47     30 

i     6.2 

7      36      2X 

N. 

86   30  E. 

7     44      0 

Is  63 

7     32     SI 

N. 

87  30  E. 

NE.  by  E. 

7     40     30 

!rs 

7     39     21 

N. 

88  30  E. 

E.  NE. 

1     il       0 

7     25     51 

S. 

89  30  E. 

E.  by  N. 

7      33     30 

il  ~ 

7     »     >. 

S. 

88  is    E. 

E. 

7      30       0 

7     '8     51 

S 

87     0  E. 

h'al 

7     26     30 

7      15      JI 

s. 

86    15    E. 

7     23      0 

»      a 

7     11     5« 

s. 

85    <5   B. 

m.^^. 

7     19     30 

Jl   i  = 

s. 

85    15   E. 

7      16        0 

7     04     51 

s. 

85  30  B. 

SE.  by  S. 

7     "     30 

(2    t2 

7     0:     II 

s 

87    t5   E 

S.SE. 

7     09       0 

6     S7     5' 

s. 

89  30  B. 

S.gE. 

7     05     30 

\ 

6     54     " 

N. 

88   15  E. 

7      02        0 

e  SO  51 

N. 

8S  30  E. 

S  byW. 
S.SW. 

6     58     30 

6     47     21 

N. 

82  30  E. 

6    55    30 

6     43     Jt 

N. 

80  30  E. 

SW.  byS. 

6      31      30 

< 

N. 

79  30  E. 

5W. 

6     48       0 

0    36    51 

N. 

78     0  E. 

SW.  by  W. 

8     36     30 

8     15     n 

N. 

63     0   E 

W.SW. 

8     33       0 

i.. 

8     ..      5t 

N. 

64  30  E. 

W.^S. 

a    19    30 

8     16       0 

8      18.21 
8     14     5> 

N. 
N. 

67    IS   E. 
69   15   E. 

W.  by  N. 
W.  NW. 

8     i2     30 

■s'^ 

8     11     21 

N. 

72   30  E. 

6     19       0 

^s 

8     07      51 

.N. 

75   30  E. 

NW.  by  W. 

8     IS     30 

*§ 

8     04     2. 

N. 

78   30  E. 

'                       NW. 

8     w       0 

■3  g: 

8       0     51 

N. 

80  30  E. 

NW.  by  N. 

N.  NW. 
N.  by  W. 

8     08     30 

7     37     21 

N. 

83    30  E. 

8     05       0 

7     53     51 

N. 

83     0  E. 

8    01     30 

w 

7      50      21 

N. 

84   IS   E. 

Watch  Cnrnpariinns  Brfnre  an 

d  After 

Seri«  of  Ob«r«tL£n, 

Local  Apparent  Tinu. 

byCh™ 

Before  obs: 

Chron.  No. 

ab   ,70.30. 

Chron.  No 10" 

10"     0" 

C.  C.  + 

0    07     32 

Watch 6 

37      OS 

G.m.t 

2     J5     02 

Dif. 3 

After  obs; 

Chron.  No w 

Watch 8 

Eq.  t 

—     14     i6 
3      10    46 
3     37     ao 

3^     55 

G.  ap.  t.  © 

Long.W 

17     30 
44     35 

8     33     a6 

8     44    35 

Watch 

Wt 3 

31     55     ,  Emir  of  w.  on  1.  a.  t. .  . 

II     09 

H                 1 

Compass  Report. 

^5"  50*;  altitude  on  completing  set  of  observations,  39°  : 
tion,  15°  4t'  S. ;  sen  smooth;  weatber  clear;  under  ateatn. 


'^T^S^"'*' 

on  every  Point. 

Vuielion. 

Deviation. 
olCampBu 

Ship's  Head 

(6) 

I>1 

M> 

(0) 

(0 

S.     91=35'  E. 

3'55'E. 

il 

3"o9'W. 

N. 

S.    9t    u    B. 

4  04  E. 

3     0   W. 

N.  by  E. 

S,    90  43  E- 

3   47   E. 

3    17   W. 

N.  NE. 

S.    90   10  E. 

3  10  E. 

3   44   W. 

"V/"- 

S.    89  35  E. 

3    35    E. 

4  og  W, 

S.    89  08  E. 

1    i>   E. 

WEIjW-gS 

4  *2  W. 

NE.  bvE. 

S.      88    44    E. 

0  46  E. 

6    18   W. 

E.  NE. 

S.    88  07   E. 

0  D8  E. 

6   56   W. 

E,b^N. 

S.    87  44  E. 

0  44  w 

7   48   W 

S.    87    II    E. 

0   56   W. 

tyioi     " 

8     0   W, 

E.  byS. 
E.  SE. 

S.     86    45    E. 

.  30  w. 

8   34   W. 

S.     86    14   E. 

0   59   W, 

"25   - 

8   03    W. 

SE^grE. 

S     85  50  E. 

0   to   W. 

7   H  W, 

S.     85    .5   E. 

3    0  E. 

5   4   W. 

SE.  byS. 

s.si 

S.    84  51  E 

4   38   E. 

•si 

2   »6   W. 

S     84   19  E. 

7   a6  E. 

|B 

0    12    E. 

"■V 

S.    83  55   E. 

10   33    E- 

3  31   E. 

a    83   19  E. 

.4    ..    E. 

1^  ^ 

7  07   E. 

S.  by  W. 
S.  SW. 

S.    Ha   33   E 

ifi   35    E. 

9  3'    E. 

S-    83    )5   E 

.8  05  E, 

■I  0.    E. 

SW.  by  S. 

S      8a   01    E. 

19   59   E. 

la   55  E. 

sW. 

S.    97   36  E. 

19  34  E. 

~'-3     0^ 

12   20  E. 

SXt.  by  W. 
W.  SW. 

S.    97  06  E. 

,8  ,4  E. 

.1    20  E. 

S.    96   38   E. 

16   17  E. 

9   >3  E. 

W.  by  S. 

S.    95   59  E. 

.4  46  E. 

ll     I 

7  4^   E. 

W. 

S.    95   21    E. 

.»  «  E. 

5  05   E. 

W.  by  N. 

S     94  59  E. 

9   3'    E. 

2  n  E. 

W.  NW. 

S     94   '9   E. 

7    ..    E. 

0  07   E. 

NW  by  W. 

S.     9.1    49    E, 

5   41    E. 

'o'S     -S 

1    23  W. 

NW. 

S.    93    >4  E. 

4   16  E 

n  1 

2  48  w. 

NW.  by  N. 
N  NW. 

S.     9»   47    E. 

4    .3    E. 

3     5:     W. 

S.    92    ,2   E, 

3   33    E. 

ES     > 

3    31    W. 

N.  bv  W. 

Local 

Desigiulion  ot 

Height  Ah 

vr 

Dista 

ct,  fT>-m, 

C 

Mem  Dec 

Itmi 

or  Nut. 

Bridge  No.  173 

„■     ,i» 

.78 

5)" 

No. 
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Form  xo. — ^U.  S.  S.  Atlanta:  Amaltsis  of  Deviations 
OF  Steering  Coufass. 

TABLE  I.— COMPUTATION  OF  COEFFICIENTS  B  ANB  C- 


to 

<i) 

(1) 

(4} 

(S> 

<6) 

IT) 

(8> 

DevU- 
tion. 
Eut- 

erly- 

Devia- 
tioD. 

Halt 

Half  Sum 

^r.s^'B': 

Comimtk- 

iiono(0 

m. 

t-torD»- 

1 

i 

X 

0 

s, 

s. 

s. 

s, 

s* 

57 

s, 

s, 
-Jl 

s. 

5, 

s, 

s, 

Prod- 
uctiot 

M 

VORTH 

_,g  (,'3 

SOUTH 
S.  by  W. 

S.5W. 
SW.byS. 

SW. 

SW.byW, 

W.byS. 

WEST 

W.  by  N. 
W  NW. 
NW.  by  W. 

NW,  by  N. 

N.  NW. 
N.  by  W. 

+  .8   ,.'0 

4.  \  ,'5 

-  .°8   ■', 

0  aa 

1 

Sr 
5. 

s, 

s. 
s, 
■s. 
s, 

D 

-s, 

-Si 

-s, 

-s, 
-s. 

-s. 

-.« tj 

N.  by  E. 

->o  !>; 

+  3>    .1 

-I-  s  s> 

-,6   ,. 

-   J  oB 

-ti  St 

N.  NH. 

-ij  «1 

+  4J  00 

-H    9   iT 

-IJ   " 

.-11  41 

-3»S» 

NE.byN. 

-»S  00 

+«a  40 

-l-tl    SO 

-j6  JO 
-i8   10 

-wS  Ifl 

-JO  jS 

NE.byE 

-II   4S 

+  4»    IS 

-Ho    IS 

-38  on 

-31  J6 

->■  o« 

E.NE. 

-'«   IS 

+  44   SO 

■*-   ;  41 

-  .11   01 

-Jl  11 

-,4  .0 

E.  by  N. 
UST 

-JO  40 

+40  00 

+  .1,1    4S 

-»-    4  40 

-t-    0  s» 

-.... 

-M  40 

-    *  34 

E.byS 

-J]    -o 

-(-lb   SO 

-     )    10 

-„  ,6 

ESE. 

-JJ    '" 

-1-19  so 

-Hll    4S 

-.,. 

-..., 

—,fi; 

4- .001 

SE.  by  E. 
BE. 

-'*   *l 

-(■■1  16 

SE.byS. 

->.»   ]0 

0    00 

-.1     4S 

-M    4S 

-   6  3. 

-1-    «46 

S.SE. 

-11   so 

-     ft    40 

-    «  45 

-    J    OS 

-    I   >■ 

4-  «  Jl 

S-byE. 

+  J  00 

-MOO 

-     5    " 

+    ««■ 

-1-     .    34 

-IS' 

Thi.  [orm 

for  i6 
temiid 
half  or 
Ihati.. 
Ci«  to 
point.. 

ia  adapie 

one-fourt 
Eoriaivi 

the  divi« 

31  poinls,  b 
IT  poirH  by 

of  the  divi 
nts,  the  di> 

for  D  .nd 
t  for  A,  B. 

uralion  f 
ut  it  may 
om;itinK 
ai  diviw 

sorter  A 

and  C  ii 

■omob. 
beusrd 
f.ie  in- 

B.and 

Sum  of 
Sum  of 

DiviM 

8 

B- 

-t-      .°J4' 
-100   S3 

-j6  10 

c- 

Form  10. — U.  S.  S.  Atlanta:    Analysis  op  Deviations 
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table  II,— computation 

OF 

COEFFICIENTS  A.  D 

E- 

(o) 

(.=) 

(■') 

(.., 

Uit 

(14)         ' 

putiiw 

iters 

Col.  do)). 
9^. 

of  D. 

oCE. 

1 

PralucH 

i 

Producu 
of  Col. 

Vit' 

pHcn. 

S,-   .les 

S,-    .jSj 

+    o    .', 

-^     o   3i 

- ;  .8 

0 

5, 

Si 

s, 

s. 

s, 

5, 

000 

s, 

s, 
s, 
0 

-s. 

-  *o   ,8 

5.-    ,Bj, 

+   S   i' 

-     3    lo 

+    1    11 

+    4    31 

+    1    43 

+   «   It 

+  9  n 

-    6   JS 

+    >    >I 

+   »   lb 

TT;r 

+  ■■    io 

-    9   .io 

+     1     lO 

+  TO    40 

+    q    S- 

Ttl    SO 

-■1    11 

+    o    .4 

+  11    36 

+  11     J6 

0  00 

+  lo    IJ 

-11    « 

-    o  4J 

+  T1    00 

+  10    TO 

-  4  n 

+    7   4f 

-    9   41 

-    o   SO 

+  a  46 

+    6    >3 

-    0   l> 

+   *  *o 

-    ,o= 

+    4   so 

+   1  s. 

-   4.8 

SSS 

+  Mmn-+4°30' 

Sum  of +  tejTn»- +47°  14' 

Sumof-lermi--   0  00 

avi»>r4)  +  47   u 

+  .4'o,' 
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Form  10. — U.  S.  S.  Atlanta:     Exact  Coefficients: 
Steering  Compass. 

table  iii.— computation  of  exactc  oefficients  9i.s,i,ii,«, 


Aoi^ +  o  11         -36  lo        -16  11         +11  48        —  o  ifi 

Sum +  .0061         —.5901         —.2787         +.J045        —.0040 

Vernnes. ♦    •    •        +.1917         4-. 0396        +.0211        ♦    •    • 

ir-sraA  =  +  .oo6i; 

B-sin  B[i  +  i  sin  D+  ^  versin  B  -J  versin  C]+  i  sin  C  sin  E 

-(-■59<'>)[l+->oi:'  +  .r>'6o-  oo99]  +  [i{ -.i787){ -.0046)]- -.6531; 
«-sinC[i-lsinD  +  AversinC  -  J  versin  B]  +  l  sin  B  sin  E; 

-(-■»787)['-i<'2i  +  ,0O33-.O482]  +  [i(-.5!»i)(-.0046)]-   -.3363: 
Xi-!dnD[i  +  i  versin  DJ-(  +  .2045)[i +  .0070]- +.3059; 
«-sinE— MnAsinD.=  (-.oo46)-[C  +  .oo6i)(  +  .i045)]--   0058, 
.  5      --^363  l°S--9-373S 

^*°"         »~-,6s3l  I0K.-9.8150 

a-igg"  S3'  log.  tan  9.5585 
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Still  referring  to  Form  lo,  col.  (2)  contains  the  total  devia- 
tion for  one  half  the  circle,  and  col.  (4)  tiiat  for  the  other 
half:  by  changing  signs  of  the  latter  and  taking  the  mean 
for  each  point,  we  obtain  the  deviation  whose  Period  is  a 
circle,  that  is,  col.  (6) ;  it  is  proper  to  the  eastern  semicircle, 
and  becomes  applicable  to  the  western,  by  change  of  sign. 

That  the  process  of  obtaining  col.  (6)  causes  the  con- 
stant and  quadrantal  deviations  to  disappear^Ieaving  only 
that  whose  period  is  a  circle — will  be  evident  when  we  con- 
sider that  those  other  deviations  will,  in  the  process,  have 
dilTerent  signs  in  each  semicircle  and  therefore  cancel.  To 
iUustnite  this  feature:  the  half-sum  of  cols.  (2)  and  (4)  as 
they  stand,  causes  the  semicircular  devnation  to  disappear, 
because  it  has  opposite  signs  and  equal  values  in  the  eastern 
and  western  semicircles;  this  leaves  in  col.  (5)  the  mean 
of  the  quadrantal  deviation  for  each  half  of  the  circle,  com- 
bined, however,  with  the  constant  deviation;  col.  (5)  being 
further  arranged  by  quadrants  as  in  cols.  (9)  and  (10),  and 
added  together,  causes  the  quadrantal  deviation  to  cancel, 
because  its  signs  are  different  in  opposite  quadrants,  and 
leaves  only  the  constant  deviation,  col.  (xi). 

On  tlie  iitliLT  hand,  by  changing  the  signs  of  col.  (10), 
ihe  constant  deviation  will  have  different  signs  in  opposite 
inuidmnts,  and  cancel,  leaving  the  quadrantal  deviation 
ttlt>ne,  whose  mean  value  for  the  four  quadrants  appears 
in  t^>l.  (I a):  it  's  that  belonging  to  the  n.e.  and  s.w.  quad- 
miltS  uii'l  liecomes  proper  to  the  s.e.  and  n.w.  quadrants 
bv  flwuuiv  "f  sig"-     Its  Period  is  a  semicircle. 

t'olH.  (;).  (**).  (•.?)•  ^^^  (14)  ^re  obtained  by  multiplj-ing 
\*eh  miKle  in  cols.  (6)  and  (12)  by  the  value  of  5,,  S,, 
<.,  .  >",  npiHisite  it ;  or  the  products  may  be  taken  directly 
ft\un  'i^tlilo  X  of  Comdr.  Diehl's  work  on  the  compass. 
\VIk»  the  an>;le,  as  38°  10'',  exceeds  the  tabulated  amount, 
iktiwV  iHMlividcd  into  any  two  parts,  as  30°  and  8°  10',  and 
tfe«  mm  of  the  i»roducts  for  both  parts  taken. 
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In  Table  III  of  Form  10,  the  starboard  angle  a  is  derived 
by  its  tangent  from  S  and  1,  and  the  signs  of  these  deter- 
mine the  final  value  of  a ;  if  both  be  plus,  it  is  in  the  first 
quadrant ;  if  —  S  and  +  G,  it  is  in  the  second ;  if  —  99  and 
-G,  in  the  third;  and  if  +©  and  -G,  in  the  fourth. 

The  function  tangent  takes  every  possible  value  from  o 
to  oc  ,  while  its  angle  increases  from  0°  to  go" ;  therefore, 
in  all  cases,  the  angle  taken  from  the  tables  will  be  numeri- 
cally less  than  90°:  for  the  Atlanta,  the  angle  correspond- 
ing to  log.  tan.  9.55S5  is  ig°  53';  but  9J  and  6  being  both 
negative,  the  angle  is  really  in.  the  third  quadrant,  whence 
0  =  180°  +19°  5.3' =  199°  53'- 

On  accoimt  of  the  frequency  of  the  following  operations, 
the  rules  regarding  them  are  inserted  here. 

"To  square  a  number:  multiply  the  logarithm  of  the 
number  by  2 :  the  product  is  the  logarithm  of  the  number 
required.  When  the  number  is  a  decimal  fraction,  sub- 
tract the  index  (after  being  doubled)  from  10  multiplied 
by  2  (or  zo),  diminish  the  remainder  by  i,  and  prefix  the 
number  of  ciphers  indicated  by  this  remainder  to  the  num- 
ber corresponding  to  the  logarithm." 

"  To  extract  tlie  square  root  of  a  number:  divide  the  loga- 
rithm of  the  given  number  by  2 :  the  quotient  is  the  loga- 
rithm of  the  square  root  required.  When  the  given  number 
is  a  decimal  fraction,  that  is,  when  the  index  of  its  logarithm 
is  9,  8,  7,  etc.,  increase  the  index  by  10." 

To  find  the  third,  fourth,  or  any  other  power  of  a  num- 
ber; or  to  extract  the  third,  fourth,  or  any  other  root 
thereof;  is  performed  in  a  similar  manner  to  squaring,  and 
extracting  the  square  root^using  in  each  case  the  index 
suitable  to  the  requisite  operation. 

"  To  find  the  logarithm  of  a  gh'en  number.  When  the 
number  consists  of  a  whole  number,  with  or  without 
decimals,  the  index  is  i  less  than  the  number  of  figures  in 
the  whole  number.     When  the  number  consists  of  deci- 


mals  only,  count  the  number  of  ciphers  between  the  deci- 
mal point  and  the  first  significant  figure  after  it,  and  sub- 
tract this  number  from  9 ;  the  remainder  is  the  index. " 

"  To  find  the  natural  number  of  a  given  logarithm.  Look 
for  the  decimal  part  of  the  given  logarithm  in  the  body 
of  the  table,  and  take  out  the  number  from  the  side  column 
and  top.  To  place  the  decimal  point,  add  i  to  the  given 
index  of  the  logarithm,  and  mark  off  to  the  left  this  number 
of  figures;  these  will  constitute  the  whole  number;  the 
rest,  if  any,  will  be  the  decimal  part.  If  the  index  is  9, 
put  the  dot  before  the  first  figure ;  if  it  is  8,  prefix  one  cipher 
to  the  first  figure  and  place  the  dot  before  the  cipher;  if 
it  is  7,  prefix  two  ciphers  and  place  the  dot  before  them; 
and  so  on." 

3x4.  Accuracy  of  the  Coefficients  derived  from  various 
numbers  of  observations. — The  coefficients  .4,  B,  and  C 
can  be  determined-by  observations  on  any  four  equidistant 
points,  and  as  there  are  eight  such  different  groups  in  the 
circle,  we  may  hence  obtain  as  many  separate  values  of 
them:  thus,  we  may  observe  on  the  cardinal  points;  or 
on  the  group  X.  by  E.— E.  by  S.— S.  by  W.— W.  by  N.;  or 
on  the  group  N.NE.— E.SE.— S.SW.— W.NW. ;  and  so 
on.  The  value  of  A  for  each  such  group  appears  in  col.  (11) 
of  Form  10;  they  are  transcribed  to  Table  73  under  the 
heading  4:  by  taking  the  mean  of  pairs  of  this  series,  that 
is,  of  the  ist  and  5th,  ad  and  6th,  etc.,  we  get  the  series 
tmder  head  8,  or  four  values,  each  the  mean  of  observations 
on  8  points ;  again,  pairs  of  this  series,  that  is,  the  ist  and  3d, 
2d  and  4th,  give  two  values,  each  the  mean  of  observations 
on  16  points;  and  finally,  the  mean  of  these  last  is  the 
value  of  A  for  3a  points. 

By  a  similar  process,  we  obtain  from  cols.  (7)  and  (8), 
Form  10,  values  of  B  and  C  for  4,  8,  16,  and  32  points;  they 
are  transcribed  to  Table  73  under  those  headings:  thus  the 
value  of  B  is  the  algebraic  sum  of  the  pair  on  fines  i  and  (> 
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of  col.  (7),  Form  10,  that  is,  its  value  on  the  cardinal  points  ; 
its  value  on  line  10  is  the  algebraic  sura  of  the  pair  on  lines 
2  and  iQ  of  col.  (7),  or  of  the  group  N.  by  E, — E.  by  S. — S. 
by  W. — W.  by  N. ;  and  so  on.  And  similarly  for  the  values 
of  C,  D,  and  E. 

Table  7.3. 
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The  coefficient  D  cannot  be  determined  by  observations 
on  the  cardinal  points,  nor  E  on  the  quadrantal ;  because 
they  respectively  reduce  to  zero  on  those  groups.  On 
examining  Table  73,  it  is  seen  that  for  any  coefficient,  there 
is  some  difference  between  the  values  deduced  from  differ- 
ent groups  of  four  points :  considering  the  abnormal  amount 
of  the  deviations,  and  consequent  difficulty  of  accurate 
observation,  perhaps  the  differences  are  no  greater  than 
the  utmost  care  could  prevent — they  certainly  would  not 
be  as  great  with  equal  care  if  the  maximum  deviation  were 
as"  or  30°  instead  of  50°,  as  here:  still,  the  discrepancies 
point  to  the  fact  that  coefficients  determined  from  obser- 


,  on  cuty  jour  fqttidislanf  points  are  not  accurate 

_  (  /iT  ust. 

Ot»  the  other  hand,  regarding  the  values  obtained  from 
«  points  as  the  most  accurate,  those  from  8  and  i6  points 
tiiSvr  but  Httte  among  themselves,  and  also  but  slightly 
fTom  the  N-alue  for  3a  points:  therefore,  the  coefficients 
fi\»m  S  |xwts,  and  still  more  those  from  16,  are  trustworthy, 
ewn  with  large  deviations;  and  while  it  is  desirable  to 
^Mk-in^  ship  periodically  on  32  points,  still  it  will  suffice  to 
obwrvt  on  16,  or  even  8.  to  keep  informed  of  changes  in 
tlw  <\x'flicients. 

U5.  Computation  of  tbe  deviations,  and  comparison  of 
iHtBttf  with  obserration.— \'alues  of  the  coefficients  may 
t<*'  sul»stituled  in  eqs.  (lao).  (125),  or  (149),  Arts,  303  and 
t^  \.  ami  the  deviation  thence  computed  for  any  point  or 
iiwiOxT  of  [xiints;  and  the  quantities  of  the  equation 
^■(*.>M-ii  nwy  bt*  arranged  in  any  tabular  form  that  will 
(ikvihuuc  llie  work. 

Kvmrier's  Series— eq.  (149) — has  been  employed  for 
V-Uit^Httii))!  the  deviations  for  32  points  of  the  Atlanta's 
HlwiiiVK  O'lniviss,  and  Table  74  contains  the  principal  parts 
1.4  iV-  work;  the  headings  of  the  columns  nearly  suffice  to 
uti|\s,iu^  ihf  pnKX'dure,  but  as  the  table  may  be  used  as  a 
M'tu'itd  I'oKM,  some  points  will  be  explained. 

I'lw  (Wviiitions  of  the  Atlanta  are  so  large — the  maxi- 

M«(ti(«  U'iitH  50°    ■'■lilt  "'"<^  terms  of  the  series  were  found 

m  \ ,  >*»»  V    lu   obtain    accurate    results :    these   terms  are 

,1  Miiiv'^'d  rtlM>ve  the  headings  of  the  columns,  pages  928-'3i. 

Hn'   \*ih\v    pR'sents  a  formidable  front,  and  at  first 

V.  .\  mny  wvll  deter  any  navigator  from  undertaking  its 

.  .iiTxiUttlnii  *m  11  substitute  for  observation;  but  in  reality 

m>i||K*i'  '"*  forbidding  nor  as  laborious  as  it  appears. 

»,  .  .,  Il(»(  I'liiie.  the  most  troublesome  part  was  to  deter- 

.U.I..   Vtw  pn'lH-r  multiplier  (S^,  5,,  S,  .  .  .  S.)  and  its  sign 

tatf  yiM'U  lUMi'l-ii'ii  (if  the  single  or  multiple  angle  C*  corre- 


spending  to  each  of  the  32  compass  comses:  tliis  being 
done  in  cols.  (5),  (7),  (11).  etc.,  they  constitute  a  penna,nent 
Form  which  may  be  followed  mechanically  by  any  other 
computer.  In  the  second  place,  only  a  few  actual  compu- 
tations are  necessary',  as  the  same  values  recur  again  and 
again,  and  may  be  copied  from  the  first  ones;  thus,  in  cols. 
(6)  and  (8),  only  the  first  five  values — from  N.  to  NE, — 
differ,  the  remainder  being  a  repetition  of  these;  so,  in 
cols.  (12),  {14),  {17),  and  (iq),  actual  calculation  is  neces- 
sary only  for  points  from  N.  to  E.,  as  these  recur  down  each 
column ;  lastly,  in  cols.  (2a)  and  (24)  only  three  points  need 
be  computed,  all  others  being  identical.  Moreover,  the 
multiplication  need  not  be  actually  made,  as  the  products 
in  cols.  (6),  (8),  (12),  and  (14)  may  be  taken  from  tables 
for  that  purpose.  For  primarily  determining  the  proper 
multiplier  and  its  sign.  Fig.  511  is  most  useful.  Suppose 
we  want  the  multiplier  for  S.SW.,  for  which,  by  Fig.  511, 
f '  =  202°  30' ;  the  sine  is  5,  and  cosine  S^,  bc)th  minus,  and 
such  they  appear  in  cols.  (11)  and  (13)  opposite  S.SW. 
Again:  for  this  point,  2!^'  =^o$°,  or  45°,  since  all  functions 
recur  after  360° ;  sin  45°=cos  45°=5„  as  in  cols.  (5)  and  {7). 
And  again:  for  S.SW.,  3C'  =  6o7°3o'i  or  247°  30',  by  sub- 
tracting 360°,  and  sin  247°  30' =  —5,  and  cos=— 5j,  both 
which  are  found  in  cols.  (16)  and  (18).  And  similarly  for 
4^'  for  cols.  (21)  and  {23};  and  for  each  point  of  the  compass. 

Two  methods  offer  for  computing  the  coefficients  F,  G, 
H,  K :  first,  using  the  coefficients  9f,  «,  G,  S,  @  of  Table  III, 
Form  10,  and  substituting  them  in  eqs.  (212)  to  (215), 
Art.  311;   this  is  the  direct,  and  probably  better,  method. 

Second,  by  means  of  the  coeiificients  .4,  B,  C,  D,  E,  de- 
termined in  Tables  I  and  II  of  Form  10,  which  must  be 
substituted  in  eqs.  (242)  to  (245),  Art.  311;  this  is  a  little 
circuitous;  these  coefficients  are  expressed  in  degrees  and 
minutes — all  must  be  reduced  to  minutes,  and  multiplied 
by  the  value  given  in  eq.  (21),  page  854,  to  convert  them 
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+  F  sin  3C'  +  C  cos  m'  +  H  sin  4C'  +  K  c. 
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-   4     14 

-   7     04 

+5, 

-0     16 

-  0     16 

+  0    05 

5, 

+Sj 

+   4     17 

+    4      38 

-5, 

+  7    04 

+    8      10 

+    8     31 

-■s, 

+  13    50 

-0    06 

+  .0     48 

+  11      09 

+  30    06 

+  11      48 

+  11      09 

+  35     34 

+0    06 

+  .1      00 

-■s. 

+  30    04 

+0     1. 

+  8     3» 

+  'a    53 

-5. 

+33    n 

-■s, 

+0     14 

+  +    45 

+  5   06 

-■s, 

+  35     a9 

-■5^ 

+0     16 

+  c      16 

+  0    37 

--s 

+  36     »o 

-s, 

+0    14 

-  4     '7 

-  3     56 

--S, 

+  35     39 

-■s. 

+0    II 

-   7     49 

— s. 

+  33     34 

-s\ 

+0    06 

-10     4h 

-10    a? 

+  30    04 

s. 

-M        4S 

-II     17 

+  25     34 

+S, 

~o    06 

-10    39 

+  30      06 

+St 

-  8     .W 

+  13     SO 

+S', 

—0     14 

-   4      45 

-  4    24 

-^, 

+   7     04 

■^^^™ 

^ 

■ 

r 
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Table  1^..— Continued. 

COMPUTATION  OF  THE 

DEVIATIONS  OF    THE  STEERING  COM-     | 

COEFFICIENTS,    AND 

COMPARISON 

OF    COMPUTED     WITH     1 

=  ^+Dsin 

2:'  +  £cos2C'  +  fisinC'  +  Ccos:'      1 

r-,...,. 

Oil*  ti'jl 

F--.05S, 

(;--.o.6. 

fc 

Pmducl  of 

and(i«). 

fhi. 

Producl  of 

fis. 

PiKduciot 

Ship;!  H»d 

C  by  Mulli- 

D^iiSk. 

r  by  Hulti- 

C  by  «Blti- 

(SirTij). 

&i'ui6). 

fSllT.n 

„„ 

(<4) 

tl5) 

(>fi) 

.(■J) 

„„ 

(l») 

N. 

+5, 

-I6°    ii' 

-16=     I  I' 

s, 

0"   00' 

+.S, 

-0'  55' 

N.  by  E. 

+  S 

-1.S     53 

-2  2        56 

+s, 

-1      50 

-0    4S 

N,  NE. 

+s. 

-14     57 

-18        47 

+5. 

-3     05 

+s, 

NS.  by  N. 
NE. 

+Sj 

-■3    -28 

-33     34 

+s, 

-3     16 

-11        26 

-37     00 

+5. 

-s. 

+  0    33 

NE.  by  E. 

+5, 

-  9    00 

-39    04 

+5, 

"0    Is 

-s 

40    S5 

E.  NE. 

+S, 

-  6     11 

-39     35 

-s. 

+  1     16 

-s. 

+  0    52 

E.  ^N. 

+s, 

-  3     09 

-38     38 

-5, 

+  J     45 

-s, 

+0    31 

S„ 

-36     10 

-s. 

+  3     '9 

s. 

\il 

-■S. 

+   3     09 

-32     10 

+  2     45 

+s. 

-0    3' 

-5, 

+    6      11 

-27      '3 

+  1      16 

+s. 

—0    it 

SE.  by  E. 

-S; 

+   9     00 

-JI      04 

+5, 

-0     38 

+s, 

-0     SS 

SE. 

-5. 

+  M     j6 

-14     OH 

+s. 

-0  38 

fs*?.^- 

-s, 

+  1.1  28 

-   6      38 

+S, 

-3      16 

+s, 

-s. 

+  14     57 

+    I      07 

+-S, 

-3     05 

-s, 

+0    x> 

S..^E 

-s, 

+  15      52 

+    8      48 

+5, 

-I     50 

-s 

+  0    45 

-5, 

+  16     11 

+  16      11 

S. 

-s. 

+  n     55 

S.  by  W. 

S.  SW. 

-■5| 

+  13     5' 

+  22      56 

-5. 

+  1      50 

-s. 

+  0     45 

-5. 

+  »4     57 

+  28     47 

-s. 

+  3     05 

-s. 

+  0     20 

SW.  by  S. 

-5. 

+  13     28 

+  33     34 

-■s, 

+  3      l*" 

+s, 

SW. 

-s, 

+  11     16 

+  37     00 

-s. 

+  2       JI 

+s. 

-0     33 

SW.  by  W. 
W.  SW. 

+   9     «> 

+  39     04 

-5, 

+  0     38 

+s. 

-0     55 

4-   6     11 

+  39     35 

+5, 

-1       16 

+s. 

-0     Si 

1                    W.  by  S. 

+   3     09 

+  38     38 

+^ 

-2     45 

—0     31 

W. 

i'. 

+  36     .0 

+5. 

-3     >9 

W.byN. 
W.  NW. 

+s, 

-   3     09 

+  32     20 

+5. 

-2     45 

-s. 

+  0     31 

+5, 

-   6     u 

+  27      13 

+5. 

-1      16 

-s. 

+  0    s» 

'                  NW.  by  W. 

NW. 

+5, 

—  9     00 

+  21     04 

-5, 

+  "     38 

-■St 

+  0     55 

+5 

-11     26 

+  14    08 

-■5 

-s. 

+  0     38 

NW  by  N. 

N.NW. 

+5, 

-13     38 

+   6     38 

-■5, 

+  3      16 

-s, 

+  0     10 

+5, 

-14     S7 

-    I     07 

-s. 

+  3     05 

+Sj 

N.byW. 

+S, 

-15     5» 

-   8     48 

-s, 

+  1     50 

+Si 

-0    45 
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PASS    OF    THE     U.    S.    S.    ATLANTA    FROM     THE     MAGNETIC 
OBSERVED    VALUES. 

+  F  sin  3C'+<^  cos  3C'+^  sin  4C'  ^K  cos  4C'. 


i/-  +  .022. 

/T—  —  .001. 

Sum  of  Cols. 

Multi- 

Multi- 

Sum of  Cols. 

' 

(17)  and  (19): 
Sextanial 

pliers  for 
H. 

Product  of 

pliers  for 
K. 

Product  of 

(2a)  and  (24): 
OctanUl 

Deviation. 

//  by  Multi- 
pliers of 
Col.  (21). 

A  b  • 

K  by  Multi- 
pliers of 

Col.  (23) 

Deviation. 

(20) 

(ai) 

(20 

(»3) 

(24) 

(2S) 

-qO      55' 

5o 

o<>     00' 

+5, 

-qO     03' 

-qO      03' 

-2       35 

+5, 

4-0       55 

+S4 

—0      02 

4-0        53 

-3       25 

+5« 

4-1       16 

■s, 

0      00 

4-1        16 

-3       06 

+5, 

4-0       55 

-s, 

4-0      02 

+  0       57 

-I       43 

5o 

0       00 

-•s, 

4-0     03 

4-0       03 

+  0       17 

-5, 

-0       55 

-54 

4-0     02 

-0       53 

+  2       08 

-5, 

-I        16 

So 

0      00 

-I        16 

+  3       16 

-54 

-0       55 

+5, 

—0      02 

-0       57 

+  3       19 

■^0 

0      00 

+5, 

-0     03 

-0       03 

4-2        14 

4-5, 

4-0       55 

+54 

—0      02 

4-0       53 

4-0       24 

+5a 

4-1        16 

s. 

0        CO 

4-1        16 

-I       33 

4-5, 

4-0       55 

-5. 

4-0      02 

4-0       57 

-2       59 

5o 

0       00 

-•s, 

4-0     03 

4-0       03 

-3       26 

-54 

-0       55 

-5, 

4-0      02 

-0       53 

-2       45 

-5a 

-I        16 

s. 

0      00 

-I        16 

-I       05 

-5, 

-0       55 

t     +?< 

—0      02 

-0       57 

4-0       55 

5o 

0       00 

+s. 

-0     03 

—0       03 

4-2       35 

4-5, 

4-0       55 

+s. 

—0      02 

4-0       53 

4-3       25 

+5s 

4-1        16 

S. 

0        CO 

4-1        16 

4-3       ^ 

4-5, 

4-0       55 

-s. 

4-0         02 

4-0       57 

4-1        43 

5o 

0        CO 

-s. 

4-0         03 

4-0       03 

-0       17 

-5, 

-0       55 

-s. 

4-0         02 

-0       53' 

—  2       08 

-5a 

-I        16 

s. 

0         00 

-I       16 

-3       16 

-5, 

-0       55 

+s. 

—  0         02 

-0       57 

-3       19 

5o 

0      00 

+s. 

—0         03 

-0       03 

-2       14 

4-5, 

+  0       55 

+s. 

—  0         02 

4-0       53 

—0       24 

4-58 

4-1        16 

s. 

0         00 

4-1        16 

4-1       33 

4-5, 

4-0       55 

-s, 

4-0         02 

4-0       57 

4-2       59 

5o 

0       00 

-s. 

4-0         03 

4-0       03 

4-3       26 

-5, 

-0       55 

-s, 

4-0         02 

-0       53 

4-2       45 

-5a 

-I        16 

s. 

0         GO 

-I        16 

4-1       05 

-5, 

-0       55 

+5. 

—  0         02 

-0       53 
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into  parts  of  radius ;  the  results  are  to  be  used  in  eqs.  (242) 
to  (245).  Art.  311 ;  then  the  products  of  the  coefficients  by 
the  multipliers  of  cols.  (16),  (18).  (21),  {23}  are  to  be  found; 
and  finally,  these  products  must  be  converted  into  degrees 
and  minutes  by  means  of  eq.  (19),  page  854,  in  order  to 
get  the  quantities  of  cols.  (17),  (19),  (22),  (24).  In  all 
this  the  greatest  care  must  be  exercised  ■with  regard  to 
the  algebraic  signs. 

Some  matters  illustrated  by  Table  75  will  now  be  pointed 
out.  In  col.  (2)  the  deviations  computed  from  the  five 
terms  usually  employed  are  given :  compared  with  obser- 
vation, the  differences  appear  in  col.  (5),  the  sign  of  each 
difference  being  that  which  will  make  the  observed  \'alue 
of  col.  (i)  nutnerically  identical  with  the  computed  value 
of  col.  {2). 

The  differences  or  residuals  of  col.  (5)  present  six  clearly 
defined  maxima  and  minima — a  sextantal  deviation  of  con- 
siderable amount:  therefore  the  terms F. sin  3^'+Ccos  3^ 
were  computed  as  in  cols.  (,16)  to  (19),  Table  74.  and  added 
to  the  deviations  of  col.  (2),  Table  75,  whence  col.  (3) :  this 
is  compared  with  .col.  {1),  and  the  differences  appear  in 
col.  (6) ;  with  but  slight  irregularities  they  present  eight 
maxima  and  minima^an  octantal  deviation.  The  terms 
H.sin  4(7'  +  A'.cos  4^'  were  now  computed,  as  in  cols.(2i) 
to  {24),  Table  74,  and  added  to  col.  (3),  Table  75,  whence 
col.  (4)  of  latter:  the  differences  between  this  and  col.  (i) 
appear  in  col.  (7) ;  they  indicate  a  vestige  of  recurrent 
maxima  and  minima,  but  with  much  irregularity  both  of 
sign  and  numerical  amount:  they  are  probably  errors  of 
observation,  and  are  very  moderate,  considering  the  un- 
favorable conditions  midst  wliich  the  compass  was  placed. 

Under  such  circumstances,  the  directive  force  is  so 
weakened,  that  on  some  points  the  compass-card  scarcely 
comes  to  rest,  but  moves  listlessly  through  sev-eral  degrees. 
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\                                               Table  75. 

L'.  a  S.  ATLANTA;    STEERING    COMPASS;  COMPARISON  OF  OB- 

SERVED  AND    COMPUTED  DEVIATIONS;    WITH     RESIDUAXS 

AI-TER  THE  QUADRANTAL,  SEXTANTAL,  AND  OCTANTAl,  COM- 

PONENTS.  ARE    SUCCESSIVELY    INCLUDED    IN   THE  TOTAL 

DEVIATION. 

I  ^H- 

Diae^ 

DiSer- 

□eviatiOQi 

Devi.tioTiB,  ™™  2f  ■ 

ciK^eBe- 

D.vmti™ 

(IffiSmta 

(ilicienta 

MdCom 

Ob«rv«J 
uidDim- 

.    , 

BffidfOU 

*#;F; 

^;l:f: 

Sf 

Ki^. 

^&^ 

OIhwveS* 

Sum  of 

SIS 

G.  H.  and 

iC:Sumol 

LsllfV 

u»« 

Utwr 

cSrifo) 

,&a 

.H^Vlil 

'S?1r 

UnUI 
Difler- 

Sis.  (I) 

IncludlnR 

"'"■''°' 

•Dd  Cnl. 
(loJof 
T»ble  j«. 

SH. 

mceof 

Differ-  ' 
Cota'o) 
Uld(4)- 

(.) 

.(.. 

(J) 

<4)         1        .5. 

(61 

(7) 

N. 

-tS'oo- 

-16"  06' 

-17-01' 

-17"  04' 

+  •''34' 

+o»  59' 

+0°  56' 

N.  by  E. 

-»o   30 

-18     18 

-30    53 

—  20    CX) 

4-3    13 

-0  23 

+0    30 

N.  NE. 
NE.  by  N. 

-23   45 

-JD     16 

-33    41 

-22     IS 

+  3    39 

-Ho   04 

+  1     SO 

-25   00 

-2-i    15 

-J5    31 

-34    3* 

+  a    35 

-0  31 

+0  26 

-16  30 

-14  S> 

-36    34 

-26   31 

+  1    39 

-0  14 

NE.  by  E. 

-17    45 

-37    43 

-37     36 

—  28    19 

+0  19 

-0   34 

E.  NE- 

-39    IS 

-.(o    4J 

-JM    34 

-39    .10 

+  0    4t 

-0   35 

E.g«. 

-30   40 

-33    31 

-30    <6 

-39    59 

-3    53 

+0  n 

-0   33 

-32   00 

-35    33 

-33     '4 

-33    17 

-3   33 

-0  14 

-0    17 

E-  by  S. 

-33    JO 

-36    16 

-34   03 

-33   09 

-3   06 

-0   5J 

E.SE. 

-33    'o 

-35    01 

-34    38 

-33    a> 

-'    53 

SE.  by  E. 

-3'    45 

-31     3' 

-33    04 

-33    07 

+  0    14 

-1     19 

SE 

-18   4.S 

-?5    35 

-38    34 

—  38    31 

+  3    'o 

+  0    14 

SE.  hy  S. 

-»3    30 

-■7    17 

-30    43 

-31      46 

+  6    13 

+  2    47 

+  1    44 

S,  SE. 

-11    50 

-   7    04 

-  9   49 

-11    OS 

+  5    4'' 

+  3    01 

+  '    45 

S,  by  E. 

+    3    "> 

+    4    14 

-   3    "9 

-   4    '<• 

+  1     J4 

+  0    19 

+  1     16 

S. 

+  ia  30 

4-16     16 

+  17    11 

-2     14 

-1     19 

S.  by  W. 
S.SW_ 

+  32  15 

+  27    34 

+  30   09 

+  31      02 

-2    06 

-1     13 

+43  fo 

+  37    >8 

+  40   43 

+  41    59 

-5    43 

-2     17 

SW.  by  S. 

sw: 

+48  40 

+  44    43 

+  47    49 

+  48   46 

-3   57 

-?    51 

+  0    OA 

+  50  00 

+  49   09 

+  50    52 

+  -SO   55 

-0    51 

+  0    52 

+0    35 

SW.  hy  W. 

+4S  15 

+  ,SO    15 

+  50   08 

+  49    15 

+  1    53 

+  1    00 

W.  SW, 

+  44    .so 

+  48    28 

+  46    30 

+  45   04 

+  3    3» 

+  1    30 

+  0    14 

W,  by  S. 

+  40   00 

+  43    44 

+  40   28 

+  39    31 

+  3   44 

+0   28 

-0    29 

W, 

+  .13    45 

+  36    47 

+  33    »8 

+  33    '5 

+  3    02 

W.  by  N. 

+  j6    50 

+  JH    34 

+  26    10 

+  37    03 

+  1    34 

-0   40 

to   f" 

W.  NW. 

+  19    10 

+  19    34 

+  19   00 

+  30    .6 

+  0   04 

+  0   56 

NW.  by  W. 
NW. 

+  1.2    45 

+  10   37 

+  '3   07 

-2   08 

-0   35 

+0   HI 

+   6   00 

+   i    4' 

+  5   40 

+    5    43 

-3    '9 

—0   JO 

-0  17 

NW.  by  N. 
N.  NW. 

-  4   01 

+   0   35 

-  0    18 

-4   01 

+  0   35 

-0  18 

-   6   40 

-   9    >8 

-  6    33 

-   7    49 

-2    38 

+  0   07 

-1  09 

N.  by  W. 

-13   00 

-13    " 

-12   07 

-13    00 

-0     13 

+  0   33 

_          ,     I 
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with  a  tendency  to  a  larger  arc  of  swing  on  the  shghtest 
provocation. 

Cols.  (4)  and  {7)  of  Table  75 — the  final  summation  of 
all  the  calculated  deviations  and  their  differences  from 
those  observed — are  given  in  cols,  (2)  and  (3)  of  Table  74. 

Both  the  sextantal  and  octantal  deviations — cols.  (20) 
and  (25),  Table  74 — may  be  due  either  to  the  ship  or  to 
the  length  of  the  needles,  or  partly  to  both:  their  source 
is  not  easy  to  discover,  as  the  mathematical  expression  for 
them  is  the  same  whether  caused  by  Ship  or  Compass; 
this  was  illustrated  in  Part  Second  dealing  with  that  instru- 
ment. 

While  it  is  mathematically  demonstrated  that  the 
arrangement  of  the  needles  on  the  card  prevents  these 
errors,  still  it  is  true,  as  stated  in  connection  with  that 
demonstration  in  Part  Second,  that  iron  may  be  placed 
so  near  the  needles  as  to  destroy  this  advantage. 

The  whole  theory  of  this  subject  is  based  upon  the 
hvpothesis  that  the  needles  are  mere  particles — of  no 
appreciable  length:  but  they  must  have  some  length,  and 
the  actual  one  they  have  is  deemed  the  best  compromise 
between  the  ideal  and  practical,  in  view  of  the  magnetic 
strength  essential  to  them. 

That  the  Atlanta's  steering  compass  was  surroimded 
by  most  vicious  influences  is  undoubted;  but  that  such 
was  a  necessity  of  design  and  construction  seems  incred- 
ible: the  instrument  upon  which  the  safety  of  the  ship 
depends,  deserves  more  suitable  environment  than  one 
that  will  cause  it  to  err  50°. 

Tables  74  and  75  further  show  that  with  abnormal 
deviations,  the  customary  five  terms  of  Fourier's  Series. 
embracing  only  the  coefficients  -4,  B.  C,  D,  E,  will  not 
suffice:  for  mere  safety,  the  sextantal  terms  must  be  in- 
cluded, and  for  ordinary  accuracy,  the  octantal  also. 

Attention  is  directed  to  the  relative  proportions  of  all 
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the  components  of  the  Total  Deviation  in  Figs.  501  to 
507:  though  not  drawn  actually  to  represent  cols.  (10), 
(15),  (20),  and  (25)  of  Table  74,  they  illustrate  them. 


Section  Four:  What  the  Coefficients  Represent,  and  Why  They 
Fluctuate  in  Value. 

316.  Conditions  that  affect  the  coefficients. — Although 
the  hypothesis  of  the  theory  of  the  de\-iations  is,  that  iron 
is  only  of  two  kinds — hard  and  soft — still  in  actual  con- 
struction many  degrees  of  both  enter  the  ship,  and  hence 
■we  have  to  deal  with  much  variety  of  magnetic  suscepti- 
bility: this  condition  the  coefficients  represent,  and  as  it 
changes  with  time  and  place,  so  do  they. 

In  Arts.  z68  to  272  the  hypothetical  conditions  are 
represented  by  rods  and  magnets:  they  constitute  the 
framework  of  the  coefficients,  and  that  of  each  coefficient 
■will  now  be  described.  It  should  be  understood,  however, 
that  these  rods  and  magnets  represent  \orce  in  two  direc- 
tions— horizontal  and  vertical ;  but  that  the  iron  of  the  ship 
is  never  such,  owing  to  her  rolling  and  pitching :  still  it  is 
■with  horizontal  and  vertical  forces  that  the  formulas  deal, 
except  in  the  case  of  a  steady  list,  which  is  treated  as  the 
heeling  error. 

317.  The  Constant  deviation:  ?(  or  A.— This  coefficient 
arises  from  two  distinct  sources — one  accidental  and  varied, 
the  other  regular  and  single.  Of  the  first  are  systematic 
personal  errors  in  observing;  instrumental  defects  of  the 
compass  aboard,  or  that  ashore  in  the  case  of  reciprocal 
bearings ;  local  deviating  causes  near  latter  compass ;  error 
in  the  magnetic  direction  of  a  distant  object  when  that  is 
used ;  and  inaccuracy  in  the  Variation  by  chart  when  em- 
ployed to  separate  the  deviation  from  compass  errors. 

In  a  round  of  time-azimuths  at  sea,  when  the  procedure 
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H5b  'onn  7,  is  followed,  the  constant,  if  any,  is  com- 

bu«  the  Variation,  and  must  be  separated  from  it 

bv  IS  of  the  deviations:  the  Variation  thence  found 

Ljuirect  one. 
above,  and  similar  errors,  may  be  either  plus  or 
n       IS,  or  partly  each ;   and  all  being  entirely  adventitious, 
may  var>'  with  time  or  place. 

The  second  source  of  the  constant  is  the  ship  herself. 
From  page  879,  we  have 


-;r-^') 


(1.3);  and    g 


'\m 


(.-5). 


The  coefficient  S  thus  depends  on  d  and  b — two  rods  of 
soft  iron  in  various  positions,  Figs.  436  and  438,  Part 
Third :  if  the  compass  be  on  the  midship-line,  and  ■  the 
soft  iron  symmetrically  located,  this  source  reduces  to 
zero,  for  by  symmetrj'  there  are  equal  influences  of  opposite 
sign. 

But  suppose  absence  of  s}'mmetr>',  and  that  soft  iron 
surrounds  the  compass  as  in  Figs,  518  and  519:  it  may  easily 


Fi<;.  5>8. 


Fig.  519 


be  inferred  that  the  first  will  produce  +  ?[  and  the  second 
—  3[ ;  if  either  rod  be  removed,  the  other  will  cause  a  com- 
bination of  ?t  and  G;  for  by  eq,  (115)  the  latter  depends 
on  these  rods  also.  The  case  of  Figs.  518  and  519  is  fre- 
quently realized  in  a  compass  placed  on  each  side  of  a 


steering  wheel  whose  spindle  is  of  wrought  iron.  The 
effects  of  6  and  d  are  shown  by  Experiments  3,  4,  and  5, 
Part  Third. 

The  portion  of  9f  arising  from  soft  iron  does  not  change 
with  time  or  place. 

Thus  the  Constant  is  the  resultant  of  many  possible 
causes,  and  its  sign  will  be  that  of  the  predominant  one: 
it  is  generally  small — less  than  1°,  and  if  more  its  source 
should  be  investigated. 

318.  The  Semicircular  deTiation;  and  SJ,  S,  or  B,  C. — 
From  page  879  we  have 

^^Uc.tanO+-^j      ....     C116) 

and  (^=j(j:.t3.nO+-^j (117) 

Each  of  these  coefficients  is  seen  to  have  two  terms, 
whose  nature  will  be  better  imderstood  by  reference  to 
Figs.  434,  441,  and  442,  and  the  text  explanatory  of  them: 
these  terms  depend  on  hard  and  soft  iron,  the  former  rep- 
resented by  P  and  Q,  the  latter  by  c  and  / ;  tliese  last  are 
vertical,  and  having  tan  0  for  a  factor,  will  vary  according 
to  the  Dip — ^that  is,  have  maximum  values  in  high  latitudes, 
minimum  in  low,  and  be  zero  at  the  magnetic  equator,  with 
change  of  sign  on  crossing  from  north  to  south:  S  and  ® 
will  undergo  corresponding  fluctuations.  The  terms  con- 
taining P  and  Q  represent  hard  iron,  or  permanent  mag- 
netism. The  hull  acquires  a  stable  magnetic  character 
only  after  two  or  three  years  from  laimching;  and  during 
the  dissipation  of  the  surcharge,  considerable  decrease 
will  be  experienced  in  S  and  G :  after  that,  minor  fluctua- 
tions occur  from  transient  magnetism,  whose  sources  have 
been  set  forth  in  Art.  292. 

It  is  seen  by  eqs,  (116)  and  (117)  that  P  and  Q  vary 
inversely  as  H — or,  that  S  and  S  increase  in  polar  regions, 
and  decrease  toward  the  magnetic  equator. 
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Thus  both  terms  in  each,  coefficient  conspire  to  increase 
or  decrease  S  and  6  in  the  same  geographical  locality:  this 
matter  is  treated  more  at  length  in  Chapter  V'll.  It  would 
hence  seem  that  changes  in  the  devTatJons  from  fiuctua- 
Ltion  of  39  and  G  could  be  predicted,  and  both  their  parts 
leparated ;  this  is  true,  and  it  can  be  done  with  considerable 
'  accuracy — the  details  of  the  procedure  mil  be  gi\-«n  in  the 
next  chapter. 

These  coefficients  represent  the  force  toward  bow  and 
side,  respectively:  together  they  pnxiuce  the  semicircular 
de\"iation.  whose  resultant  and  its  direction  are  treated  in 
Art.  299.  This  direction  is  the  neutral  line  between  the 
two  grand  regions  of  opposite  polarity  in  an  iron  ship — 
its  magnetic  equator:  it  coincides  approximately  with  the 
magnetic  direction  of  the  keeF  «hile  building;  it  is  the 
zero  line  of  semicircular  de\Tation  dxie  to  the  magnetism 
of  hard  iron.  The  zero  point  of  that  due  to  vertical  soft 
iron,  c  and  /.  eqs.  (116)  and  (117),  is  magnetic  nortft,  so 
that  the  combination — ^that  due  to  bo^  hard  and  soft  iron — 
is  somewhere  between  them— not  much  remo\'ed  from  that 
due  to  P  and  Q.  however. 

The  neutral  line  is  determined  by  a  magnetic  survey, 
or  it  mav  be  deduced  from  a  table  of  de\-iations;  from  it 
the  direction  in  which  the  ship  was  built,  may  be  inferred 
with  much  confidence;  on  the  other  hand,  knowing  the 
latter,  the  neutral  line  may  be  approximately  draiA-n. 

iB  and  6  have  such  variety  and  extremes  of  value  in 
various  types  of  ship,  and  in  different  parts  of  the  same 
ship,  that  it  would  be  futile  to  give  numerical  examples 
as  a  guiiJe  to  their  amounts. 

319.  Tbe  Qoadrantal  derivation;  and  J.  ^r.  or  D,  E. — 
From  page  879  we  have 


% 


=x(^) 


(■n); 


.„a  ..^(^). 


("S) 


WHAT   THE   COEFFICIENTS  REPRESENT. 
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Both  3)  and  S  thus  owe  their  existence  wholly  to  horizontal 
soft  iron,  represented  by  rods  a,  e,  d,  and  h.  The  nature 
and  changes  of  6  have  been  explained  in  Art.  317,  in  con- 
nection with  31:  G  is  always  small  in  value. 

The  rods  upon  which  T*  depends  are  represented  in 
Figs.  43S  and  439,  Part  Third:  a  little  study  of  these,  and 
bearing  in  mind  how  induction  converts  them  into  magnets 
as  the  ship  swn'ngs  round,  will  show  the  deviation  each  pro- 
duces, and  whether  the  rod  adds  to  the  directive  force  or 
detracts  from  it.  Thus  a  in  positions  (i)  and  (3).  Fig.  435, 
causes  a  positive  deviation  and  tncrease  of  directive  force ; 
■while  in  (3)  it  causes  negative  deviation  and  decrease,  of 
force:  similarly,  e  at  (16)  and  (18),  Fig.  439,  produces  a 
positive  deviation  with  increase  of  force,  and  at  (17)  a 
negative,  with  (increase.  The  coefficients  3)  and  S  are  the 
components  toward  bow  and  side,  respectively,  of  the  force 
that  produces  quadrantal  deviation :  their  resultant  and  its 
direction  are  treated  in  Art.  299;  53  is  the  principal  part, 
<S  contributing  but  little. 

When  t'  and  X  have  been  determined,  a  and  e  may  be 
found  as  follows:  from  eqs.  (no)  and  (114),  page  879,  we 
have      2J  =  2+a  +  f    .     {249);     and    2lj.X  =  ii~e;  .     (250) 
whence 
a  =  -H-;(i+5i)  .     (251):  and  e-^ -i  +  Xd-'h).  .     (252) 

For  the  locahty  of  the  Atlanta's  steering  compass, 
whose  deviations  are  analyzed  in  Arts.  313,  314,  and  315. 
3)  =  +.206  and  ^=+.86:  substituting  these  in  (251)  and 
(252),  they  become 

a- -I +  .86(1+0.206)  =  +.037     .     .     (253) 
and  e--i  +  .86(i-.2o6) — .317.     .    ,    (254) 

Then  from  {250)  we  have 


^ 


S)-^ 


2X         3X      2K 


(»55) 


I 
I 
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In  this  -T  represents  induction  in  the  longitudinal  soft  iron, 

and r  that  in  the  transverse. 

Taking  the  first,  and  substituting  in  it  the  value  of  a 
from  (251),  and  then  the  values  of  %  and  i,  it  becomes 

o^     -i  +  Jt(i+g))      -i  +  (.86)(i+.2o6) 

2JI"""  2i  "  2(.86) 

- +.022 -+1^15' (256) 

Similarly,  for  — r  by  means  of  (252)  we  have 

_  '      t'-^fi-^>     i~(.86)(i-,2o6) 
ji"         2X         "  2(.86) 

=  +.184  =+10^36' (257) 

Tlie  quantities  .022  and  .184  are  the  natural  sines  of  the 
a!\j:los  that  follow  them;  their  meaning  is  this:  that  at 
the  Uvation  of  the  Atlanta's  steering  compass,  the  force 
ilno  iv^  trausvor^^  induotiv^n  is  nearly  nine  times  greater 
lhaT\  tlut  vvao  to  longitudinal.  The  condition  may  be  illus- 
ira;ovi  by  Fie  5-^0:  —  r  is  a  biinile  of  nine  short,  thick, 
\vt\nij:!".:-iron  w-irv^s  :vnea:h  the  v.vn:p;*ss.  and  —a  is  a  single 
s\k!^.  \virt\  one  :\il:  f.^rwari  and  one  half  abaft  it;  as  the 
slw.^  swi'.^C's  vn::  .^:  the  nion.iian.  Ivth  —  j  and  —c- cause  the 
luvvlto  :o  do\-iato  :.^  the  cast'.var.i;  but  while  —a  adds 
slix^^.ilv  iv^  ::;c  d:rtv::ve  :;r.v.  -r  greatly  detracts  from  it. 
l\^v  :h.o  Sv-.nv  st\  t  ,  :t  Vvar.h  the  cuadnintal  de\Tation 
IS  i^vacv.caV.y  ntvariaVU    .>.~::h  either  time  or  geographical 

jt».  The  xneiin  dir«ctiTe  force  to   magnetic   north:    i. 

U\  cv^.  ^::c  ,  ru^e  5':.  t".i:<  .ML~u^:ent  der^nds  en  soft  irr^n: 

•~t  .       •       •       .       .        vIIO) 
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It  IS  of  such  importance  that  it  will  be  illustrated  at  length. 
There  are  four  diflEerent  combinations  of  a  and  e\    First, 


North 


iron  may  be  disposed  all  round  the  compass-^Fig.  521 — 
as  the  coaming  of  a  hatch  where  beams  and  fore-and-aft 


+  a 


+  ^ 


+^ 


+  ^ 


—  a 


\  I 


+  a 


Fig.  521. 


—  (^ 


Fig.  522. 


pieces  are  cut  away;  when  unequal  on  different  sides,  a 
and  e  produce  opposite  deviations,  whose  algebraic  sum 
is  the  result  obtained.     Second,  the  beams  only  may  be 
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cutout,anda  long  mass.  Hke  the  propeller-shaft,  or  Uk  ked,  I 
may  extend  below  the  compass,  exemplifying  —a  arwj  +^  j 
Fig.523;  the  former  will  dflrrease  the  diiectivt  force,  tJ»  fatter  1 
increase  it.  Third,  a  section  of  the  fore-and-aft  piece  nsv  be  J 
remo\-ed,  and  an  iron  bridge  extend  across.  Fig.  525.  g 
+  aaiid  —e\  the  former  increases,  and  the  latter  dimmts] 
the  directi%"e  force;  and  both  prodoce  positi\-e  1 
Fourth,   both  bridge  and  shaft  may  be  tbe 


ftO.  5»J.  FKw  5*4- 

masses;  or  tbe  compass  may  be  located  on  a  small  super- 
structure deck ;  or  directly  o\'^r  the  boilers  and  ei^tnes — 
an  which  would  be  tj-pified  by  —a  and  —e.  Fig.  524:  when 
nne<]tial  on  different  sides  tbey  produce  conflicting  devia- 
tkxis.  In  the  first  and  fourth  cases,  if  the  infinences  aie 
equal  all  round,  no  deN^atioa  will  occur;  bat  tbe  effect  in 
eadi  is  ver^-  different:  in  Fig.  531  tbe  directive  fonx  is 
increased — in  524.  diminished. 

StiH  aoother  conditioa  arises  frotn  permanent  mag- 
netisni :  it  will  readily  be  seen  that  as  the  steel  magnet  if, 
P^  535 — repcesentati'V'e  of  the  two  polar  regions  of  tbe 
hnS — swings  nxmd  tbe  compass,  it  will  increase  tbe  direc- 
tive force  in  the  upper  semicircle,  and  decrease  it  in  the 

Tbe  matHTid  directive  force  upon  tbe  compass  is  the 
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horizontal  component  of  the  Earth's  magnetism,  so  that 
all  the  foregoing  variously  modifies  it:  the  square  of  the 
number  of  oscillations  of  a  small  magnetic  needle  in  the 
same  time  in  each  condition  of  field — natural  or  modified — 
is  an  index  of  its  intensity. 

Now,  for  a  particular  spot  on  the  ship,  the  directive 
force  upon  the  compass  will  vary  with  the  heading:  if  it  be 


/-  i: 


Fic.  525. 
determined  on  four  or  more  equidistant  points,  and  each 
value  be  resolved  into  the  magnetic  meridian  by  multiply- 
ing it  by  the  cosine  of  the  deviation  proper  to  the  course 
upon  which  it  was  determined,  then  we  obtain  individual 
values  of  the  directive  force  toward  the  magnetic  north : 
taking  the  mean  of  these,  and  dividing  it  by  the  value  of 
the  natural  field,  we  get  a  ratio,-  this  ratio  is  i. 

The  natural  field  is  arbitrarily  assumed  as  unity;  and  X 
is  generally  less  tlian  this,  showing  that  the  ship  diminishes 
the  directive  force ;  but  X,  being  a  mean  value,  may  be  the 
mean  of  wide  extremes  as  well  as  of  values  differing  but 
little  from  each  other:  the  former  would  indicate  a  bad 
location  for  the  compass, — the  latter  a  good  one.  Prac- 
tically, the  value  of  i  does  not  vary  with  geographical 
change. 
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For  calculatiiig  it,  we  have  from  eq.  (ii8),  page  879: 

,    H'         J I 

i— ^ .cos •[  i+jj,cos  C-«.sin  c+5D.cos  aC 

V  -e.si 


^'S.siii  2 


In  this,  H  is  the  Earth's  horizontal  intensity;  W  that  of 

Ship  and  Earth  combined;  and  ^  the  deviatioii  jxroper  to 

IV 
the  magnetic  course  r\  thus  the  factor  -^.cos  9  expresses 

the  procedure  above  described  for  obtaining  X. 

The  numerical  work  will  be  illustrated  by  data  relative 
to  the  steering  compass  of  the  U.  S.  S.  San  Francisco  before 
it  was  compensated.  The  Ship  was  swung  and  a  Table 
of  Deviations  obtained ;  this  showed  a  maximum  of  —  29^  30' 
on  compass  course  SE.  by  S.  The  table  was  anatyzed  on 
Form  10,  and  the  coefficients  obtained  as  follows: 


^  =  -0^2 


-' 

D 


?t«-.oo7;    B=-ii^44';    S--.233; 
e=+.o85;     D=+i6^38';    2)-+.29; 
G=  +.005. 


While  the  ship's  head  was  X.  38°  30'  W.  magnetic,  with  a 
westerly  deviation  of  5  =  4°  (whose  cos  =+.9976),  a  hori- 
zontal needle  was  oscillated,  making  ten  oscillations  in 
26*.36  =  r' ;  on  shore,  it  made  the  same  nimiber  in  22*.5  ««  T; 

(22.5)'      T-     W         ^    ^  ^    ^.    ^ 

hence    /  a    t\^^T^-^'Tl^'^'^  v^vci  the  direction  of  the 

ship's  head,  ^  =  321°  30',  of  which  the  sine  is  —.6225,  and 
cos  =+.7826;  2:  =  643°,  or  283°(  +  36o°);  the  sine  of  this 
is  —.9744,  and  cosine  +.2249.  Substituting  these  values 
in  (258)  it  becomes 

A=.(.7.8)(  +  .9976)    ,.,(-.,33)(  +  .y8/6) " 

-(  +  .o85J(-.6225)+(+.29)(  +  .2a49) 

-(  +  .005)  (-.9744) 
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Hence   ^  =  .772,  which  indicates  considerable  decrease  of 
directive  force  by  the  ship. 

When  oscillations  are  made  with  the  ship  heading  suc- 
cessively on  four  or  more  equidistant  magnetic  courses, 
the  quantities  in  eq.  {258)  containing  functions  of  the 
courses  will  reduce  to  zero,  as  explained  in  Art.  296 — [6], 

leaving  only  the  factor  -tt.cos5;    denoting  this  for  the 

several  headings  by  o,  i,  2  .  .  .  n,  eq.  (258)  becomes 

^0'         ,       H,'         ,       H,' 
-^.cosOo  +  -7j-.cosd, +-77-. 


.  cos  d. 


H  ■ 


Table  76  is  an  example  of  this  from  experiments  on  the 
U.  S.  S.  Albatross,  on  eight  magnetic  courses. 

Table  76. 
determination  of  k  on  the  u.  s.  s.  ai.batross. 

r  =  35.a4Sec,.  on  Sliore. 


c 

8 

^                S 

-P, 

^d 

^'co.^ 

cP 

+  3° 

3'.  46 

644 

.6436 

45 

31 .36 

652 

9848 

.64" 

8693 

.82 19 

f63 

96>3 

-  3 

22.07      1 

308 

9986 

1.3063 

I.. 697 

+  '9 

9003 

945S 

.8512 

315 

+  14 

29.93 

7111 

9703 

.690D 

8)7.2437 

^=.9053 

Although,  on  tliis  ship,  X  has  a  fairly  good  value — still 
the  extremes  in  col,  (6),  Table  76,  of  which  X  is  the  mean, 
show  the  compass  to  liave  indifferent  surroundings. 


I 

L 


TSE  MAGNETIC  COEFFICIENTS. 

From  the  foregoing,  it  is  seen  that  -i  can  be  determined 
in  two  principal-  ways — ist,  by  oscillation  experiments  on 
one  magfietic  course,  and  ascertaining  the  deviation  proper 
to  that,  and  also  the  deviations  on  8,  i6,  or  32  equidistant 
compass-conrse5,  from  which  to  deduce  the  coefficients; 
then  computing  X  by  eq.  {25S) :  ad,  by  oscillation  experi- 
ments on  four  or  more  equidistant  magnetic  headings,  and 
determining  the  deviations  proper  to  them,  when  the  com- 
putation is  by  eq.  (259).  The  latter  affords  a  view  of  the 
individual  values  of  A  as  the  ship  swings  through  360°, 
and  is  the  best  mode  of  determining  it;  the  first  method 
gives  no  such  view,  and  is  delusive  in  so  far  that  it  may 
indicate  a  fairly  good  average,  without  showing  those  quar- 
ters in  which  the  directive  force  may  be  very  weak. 


CHAPTER    XXIV. 

VARIOL'S  METHODS  OF  DETERMINING  THE  MAGNETIC 
COEFFICIENTS;  THEIR  FLUCTUATION  WITH  GEO- 
GRAPHICAL CHANGE;  AND  COMPUTATION  OF  THE 
DEVIATIONS. 


Section  One :    ^.  (5,  and  T^  from  ObEervations  for  Deviation  on 
Three  Specific  Points  of  a  Quadrant. 

321.  Northeast  quarter.— The  coefficients  91  and  S  being 
generally  small,  and  ^  practically  constant,  it  is  desirable 
to  have  a  short  and  speedy  method  for  determining  fluctua- 
tions in  the  coefficients  that  are  most  liable  to  change,  viz., 
ffl  and  6 :  such  is  the  method  of  this  section. 

Furthermore,  it  is  a  means  of  determining  S,  E,  and  S 
ab  initio  from  three  very  convenient  points — the  two  car- 
dinal and  principal  quadrantal  points  of  any  quadrant ;  and 
from  them  computing  a  table  of  deviations  by  equations 
to  be  given  in  Art.  327  :  in  this  case  3  and  S  are  to  be  con- 
sidered zero. 

The  great  advantage  of  acquiring  at  first  a  thorough 
knowledge  of  the  ship's  magnetic  character  by  survey  in 
dock,  oscillation  experiments  with  horizontal  and  vertical 
needles,  and  swinging  on  3  2  points,  should  never  be 
lost  sight  of  or  omitted:  all  short  methods — such  as 
those  of  this  chapter — should  be  deemed  a  means  of  detect- 
ing change  in  original  conditions,  rather  than  replacing  a 
complete  investigation. 


^K  nulas  for  each  quadrant,  with  numerical  exam- 

f  !  given  in  this  and  the  next  three  articles. 

Ill  eq.  (124),  page  880,  we  have 

J  =  3l.cos3-f  S.sin  ^'  +  E.cos  C* 

+  S.sin(2^  +  5)+S.cos(2c'  +  5).      (260) 

Expanding  sin(2^'  +  5)  and  cos(3^'  +  i5)  by  means  of 
(30)  and  (31),  Art-  396,  eq.  (260)  becomes 

sin  5  =  ?t. cos  5 +  95.  sine' +  6. cose'  ] 

+  2).  sin  2C'.  cos  5 +  3). cos  2^  .sin  5  I.      (261) 
+  ©.cos  2e'.cos  5—®  sin  a^'.sin  d  \ 

The  quantities  d,  5,  and  e'  applicable  to  the  points  em- 
ployed will  receive  the  designations  they  have  on  Fig.  511; 
and  it  should  be  recalled  that  5„,  5,,  etc.,  may  be  used  for 
both  sines  and  cosines,  and  that  their  values  are  specific  for 
0°  and  90°.  For  north,  northeast,  and  east,  (261)  be- 
comes successively 

sin5,=?t.cos3„  +  9J,5,  +  6.5«  +  S.5,cos5, 

+  2).5»sin3o  +  ®.5,cos5„-e.5,sin5o.     (262) 

sin3.=?I.cos5,  +  S.S,  +  6.5^  +  2).5,cos$, 

+  2).5osin5.  +  g.5„cosa,-e.5,sin5,.      (263) 

sin5,=9l.cos5g  +  ©.S.-}-a.5o-S.5jCOs5, 

-J).  5,  sin  5,-6.5,  cos  3,- (5, S,  sin  d,.      (264) 

From  (264}  we  obtain  the  value  of  31,  and  from  (262)  that 
of  S  as  follows,  since  5^=0,  and  5,  =  1: 

3*  =  (i  +X>)  sin  5,-  (91  -Q)  cos  d, 

=  (i+3^)sin5„,  if?IandG=zero.     (265) 

G  =  (i  -S)  sin  5o-  (?[  +G)  cos  3, 

-(i-'S}sin5o,  if  ?l  and®  =  zero.     (266) 
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Substituting  these  values  of  50  and  E  in  (263) — trans- 
posing terms — multiplying  throughout  by  S^ — and  remem- 
bering that  by  Trig.  5j'=i,  we  have 


5)[5, .  cos  3(  -  i  sin  i5„  +  i  sin  5,] 

=  (5,  sin  5,  —  i  sin  ^o  —  i  sin  5,) 
+9((-S,  cos  3,  +  J  cos  a„-l-J  cos  dj 
+G(  +  5,  sin  3, +  i- cos  a, -J  cos  5J 


C.67) 


If  ?(  and  @  are  zero,  this  becomes,  after  dividing  by  the 
coefficient  of  D, 


53 


5t.sin  3,  — j[(sin  ^a  +  sin  3,) 
^  S. .  cos  3,  -  iCsin  b^-  sin  5J  ' 


(268) 


By  (265)  to  (268),  S.  6,  and  3)  may  be  computed  either 
with  or  without  values  of  %.  and  S.  An  example  from  the 
U.  S.  S.  Atlanta  will  be  taken,  and  9(  and  ®  will  first  be 
considered  either  zero  or  unknown. 

The  deviations  on  three  points  of  the  NE.  quadrant,  by 

Table    74,   are.  for  N.=5, 18°  o';  NE.=54 26°  20'; 

and  E.  =3s= — 32°  00'. 

Substituting  the  requisite  data  in  the  above  equations, 
they  become 


% 


( +  ■707)(-  -443)  -i  1  ( -  -309)  +  ( -  -530)1 
"  (  +  .707)(-f.896)-il(-.309) -(-.530)1 
-■3i3-i--4i9i  --■3i3+-4i9_+-io6 
l--633-i+-irol  ^+.633-. 110"  +  . 533 

S8={i+.20o)(-.53o)--.636. 

e  =  {i-.aoo)(-.309) .247. 

87  and 

=  21°  is'  +  i8o°  =  : 


-=  +,200 


-■347 
■.636 


C269) 

(270) 
C271) 


(372) 


9SO 
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On  account  of  the  liability  to  error  by  one  who  does  not 
deal  frequently  with  algebraic  signs,  the  various  stages  of 
the  numerical  work  have  been  set  down  in  eq.  (269) ;  and 
it  will  be  found  conducive  to  accuracy  to  follow  that  prac- 
tice and  to  enclose  the  individual  quantities  in  parentheses: 
then,  plus  outside  means  no  change  in  the  sign  inside,  as 
i  1(  —  -309)  +  ( —  -530)  I  ;  but  minus  outside  indicates  change 
of  sign  within,  as  it(— .309)- (  —  .530)1  ;  this  is  really 
il —.309 +  .530!.  or  +.110.  It  should  be  remembered  that 
by  Trig,  sin  (—>■)  = -sin  J',  but  that  cos  {->-}  ^  H-cos  j'; 

whence  sin  5j=sin  (  —  26°  20') -443,  and  cos  5,  =  +,8g6. 

Comparing  the  arcs  corresponding  to  the  values  of  S,  E, 
and  jD  just  found  with  those  in  Table  73  obtained  from 
/oMf  equidistant  points,  it  will  be  seen  that  the  former  differ 
by  about  the  same  amount  as  the  latter  from  the  values 
deduced  from  32  points:  the  chief  advantage,  then,  of 
observing  on  three  points  in  a  quadrant  over  four  equi- 
distant points,  is,  that  the  ship  has  to  swing  through  only 
a  small  arc  instead  of  a  full  circle ;  it  saves  time  and  labor, 
but  is  not  more  accurate. 

The  comparison  is  made,  however,  in  a  case  of  exces- 
sive deviations — a  maximum  of  50°;  it  is  therefore  not  a 
fair  illustration  of  the  quadrant  method:  a  better  test  will 
be  made  in  Art.  323. 

The  starboard  angle  by  the  quadrant  method  differe 
only  1°  13'  from  that  determined  by  31  points — an  amount 
that  warrants  the  method  being  used  for  this  purpose. 

As  the  \'alues  of  ?t  and  G  for  the  Atlanta's  steering  com- 
mss  are  kno^\Ti  from  observations  on  32  points  (Form  lo, 
IV  'Jii).  it  wll  be  useful  to  see  what  change  their  intro- 
tlttk"t»t>n  into  eqs.  (265),  (266),  and  (267)  will  make  in  the 
vaUiPS  just  obtained  for  S,  1>,  and  J :  performing  the  numer- 
^-»!l  «xvk,  the  results  and  comparison  are  shown  in  Table  77; 
,yM[   tkt  t-'Mange  is  very  small,  but  so  are  ?t  and  S  in  this 


Valu«  uf 

e 

K 

■D 

Without  a  and  «. . . 
With  «  and  S 

-.636 

-.645 

-.247 
-.J48 

+  .300 
+  .201 

Difference .. 

-f.oog 

+  ,«.■ 

+  .OOJ 

322.  Southeast  quarter.— Formulas  for  this  quadrant 
and  those  of  the  western  semicircle  are  deduced  in  the  same 
way  as  the  preceding,  and  from  the  same  primary  equation, 
{124),  page  880:  they  are  similar  to  formulas  (265),  (266), 
and  (268),  and  may  be  written  at  once  by  inserting  the 
values  of  5  and  3  proper  to  each  quadrant.  For  east, 
SOUTHEAST,  and  SOL'TH  they  are; 

S  =  -1-  (r  +D)  sin  3,-  (Sr-S)  cos  3, 

=  (i+^)sina„  if9(ande-zero.    .     (273) 

S  =  -  (i  -2))  sin  5„  +  (3[  +g)  cos  3„ 

=  -(i-X)sin3,.,  if?lande=zero.    .     {274) 

S)[5, .  cos  d„  -  i  f  sin  3,  -  sin  5,,)]  1 

I  =  —  S, .sin  5|j+  i{sin  3,  + sin  3,^)  [      /      \ 

+  ?I[  +  5,cos5,,-Kcos5.  +  cos5„)]  ['     ^'^^^ 
+©[  +  5,  sin  J„  +  i(cos  5g-cos3i,)]  J 

333.  Southwest  quarter. — For  south,  southwest,  and 
WEST  the  formulas  are: 


e  =  _  (i  -33)  sin  3„  +  est  +E)  cos  3„ 

=  - (1-35)  sin  5...  ifSfandtS- 


(i+I;)sin5j,  +  (Sl-g)cos5„ 

=  -(i+S))  sin  d,„  if?lande=zero.     (276) 


(277) 


t 
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-  sin  d„  — sin  3„)]  1 

-  5,  sin  5^  ~  i  (sin  3,,  +  sin  3,,)  | 

+?I[-5,cosd„  +  i(cos3„+cos3„)]  I 
+G[  +  5,  sin  3„-l(cos3„-cosJ„)]  J 

Table  78. 


Coefficicnu  (rub 
Andy*,   ot 

B 

)>  Pointi  uid 

4t><n>u                  SP«nl> 

■fiPnnu 

jiP»iiit> 

(O                  r.) 

(jt 

(«) 

■  --.0038 

-<--o"   13' 

e .364 

B jo"  II' 

« .t53 

C 9°  *3' 

a)  — 4  .T07 

-19    57 
-»   07 
-20   49 
-21    06 

-M)     35 
-20     06 
-19     19 

-id>   18' 
-20     16 

-ID      04 

-»o^    12' 

-20»     11' 

0-46"   08' 
C-  +  .Di]4fi 
£_+0"    ,5' 

C 

i:S«. 

-Iff   ocf 
-■«     34 
-10     13 

-  9     33 

-  8      50 

-  8     20 

-  8     30 

-  9     w 

-9"    15' 

-9     i7 
-9     18 
-9     aj 

-9°    22' 
-9     J5 

-9'  «' 

D 

Quadrantal 
Points 
+  6°    .5' 

+6=   15' 
46     Oi 
46     10 
+  6     05 

46°    11' 
46     04 

46°  08' 

Max 

mum  deviation 

™  +  27=  It/ on 

SW 

Table  78  contains  magnetic  information  relative  to  the 
U.  S.  S.  Concord,  derived  from  analysis  of  a  veiy  careful 
twinging   on    32    points.     The    maximum   deviation  was 
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+  27"  20'  on  SW. ;  as  this  and  the  other  data  indicate  the 
customary  conditions  of  compass  locations  on  ships  of  the 
Navj',  formulas  (276),  (277),  and  (278)  will  be  tested  by 
means  of  observations  in  the  SW.  quarter:  S.  =5„  = 
+  10"  00';  SW.  =-5„= +27"  20';  and  W.  =3n=  +  19°  00'. 
?[  and  ©  are  seen  by  Table  78  to  be  very  small:  they  would 
affect  the  results  but  little — will  be  considered  zero— and 
hence  the  terms  containing  them  disappear.  Inserting 
the  requisite  data  in  the  formulas,  they  become 


-(i+.io7)(  +  .326)  = 


.361. 


(-t-.7P7)(  +  -459) 


-|+.io7l)(  +  .:74)=-i 


C  +  .707)(  +  -888)-i|(  +  . 

174)- 

(  +  .3^6) 

1 

_+.325- 
+  .628  + 

'^b' 

+  ■07.? 
+  .7"4 

+  .1 

Table  79. 

U.  S.  S.  ATLANTA; 

STEERING  COMPASS 

(279) 


07.    (281) 


sas' 

'  B 

1 

■h 

asis. 

I 

(.) 

(j> 

<3) 

(4) 

(») 

(6) 

32  points 

QiwdraoL 

::§ 

-.J36 

-HI 

+  .J06 

50- 

.86 

Mffeieoce 

.017 

.0.. 

.006 

U.  S.  S.  CONCORD;  POOP-DECK  COMPASS. 


Quadrant. 

Difference... 


In  Table  79  the  coefficients  from  three  points  of  a  quad- 
rant are  compared  with  those  from  32  points:  in  the  case 
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of  the  Atlanta,  whose  deviations  were  abnormal,  the 
differences  are  too  great  to  warrant  very  much  confidence 
in  results  from  three  points ;  and  such,  too,  is  the  case  with 
values  of  B  and  C  from  jour  equidistant  points  in  Table  73 : 
but  for  the  Concord,  whose  de\4ations  were  about  the 
average,  the  results  from  three  points  are  seen  to  be  almost 
identical  with  those  from  32  points  (Table  79) ;  also,  by 
Table  78,  there  is  quite  a  fair  approximation  of  the  values 
of  B  and  C  from  jour  equidistant  points  to  their  values  from 
32  points.  Therefore  it  would  seem  that  when  the  devia- 
tions do  not  exceed  27°,  either  the  quadrant  method  or 
that  for  four  equidistant  points  \^'ill  give  fairly  trustworthy 
results;  but  a  swing  on  at  least  eight  equidistant  points 
should  always  be  practicable;  and  the  matter  is  too  im- 
jx^rtant  to  let  either  time  or  labor  be  a  factor  in  its  curtail- 
ment. 

324.  Northwest  quarter. — For  the  points  north,  north- 
\VKST»  and  WEST  the  formulas  are: 

'^  -  -'  I  -?'  sin  8.,-^-^)  cos  5,4.        .      (282) 
0  -  -.1 -?^  sin  o^- I'Jl-vr)  cos^o.    .      .      (283) 

J^[>\  Ov^s  t^js  •  ]  sin  Jo  ~  ^ii"^  ^24  ]  ^ 

-  > .  sin  tu^  —  \  sin  0^  —  sin  d^, ) 

\  .  ^-      (284) 

-  ^Ij^  -  >\  cos  (^^^  —  \    COS  0^  —  COS  ^14  )] 

—  0*[  -5^  sin  0.,  -  \  cos  J^  — cos  d^^)]  J 


^IHM)^  Tw^ :  ^.  v5.   r.  and  ;  from  Observations  of  Deviation 

and  Force  on  any  Compass  Points. 

^t->c^.    l>fv^   headings.     Thr  ughu:    this   work   frequent 

^v.,vv':'     \i>  ,.r.s*.'\   :"  r  tre:.:::.^     f  the  determination   of 

..^,..N^  V    o*\v  Vv  !r.oj.::s    :  :..^    Sv.:*/-.i::-  n  of  a  small  needle, 

V  ^:"v^vV  h.as  Ivor.  :u!*y  cxr!:i:::od  and  illustrated 
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in  the  following  Articles :  io8  to  no,  128,  135,  136,  171,  230, 
239,  242  to  252,  265.  266,  and  320;  Table  37;  and  Fig.  417. 
The  principle  is  an  important  one,  and  the  articles  cited 
should  be  read  to  ensure  its  proper  application. 

The  formulas  for  observations  of  deviation  and  force  on 
two  headings  will  now  be  deduced.  From  eqs.  (no),  (113), 
(114),  (115),  (116),  and  (117),  page  879,  we  obtain  the 
following : 


a--i  +  -l(i+D). 

(28s); 

-6.;(Si-il).     . 

(!S6) 

e_-,  +  i(,-I). 

(287); 

ii-;(Si+E).    .   . 

(!88) 

i.tan  9  +  ^-i.S(. 

(389); 

/.tan  »  +  ^y  -JJJ. 

(290) 

Substituting  the  second  members  of  (285)  to  (290)  for 
their  equivalents  in  eqs.  (94)  and  (95),  page  875,  these 
become,  ajter  dividing  throughout  by  ,1: 

^-^.cosc'-(i+S)cosc+(?t-S)sinC  +  9-      (291) 

As  shown  in  Art.  321  and  Table  77,  9[  and  S  are  generally 
small  and  affect  the  final  results  but  little ;  regarding  them 
as  zero,  (291)  and  {292)  become  after  transposition: 


i  sin  C'-(SI  +  (E)  cos  C-(i-1!)  sin  C  +  E.       (292) 


H' 


cos  C'  —  (r  +  ^)  COS  ^. 


(293) 


iC'+(i-S)s 


(294) 


From  (285)  and  (287)  we  have 
(i+I)-'^(H-a).  .     (295);        (i-E)-^-(i-s). 


(396) 


I  •" 
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the  second  members  of  (295)  and  (296)  in 
^^94),  these  become 


^H- 


cos  c'—  (i  +0)  cos  J.      .     .     (297) 
;.G=-^-.smc'  +  (i-e)smc.  .     .     -     (298) 

Let  Z.I  and  Ci'  be  any  two  compass  courses;  f,  and-  Jj  the 
corresponding  magnetic  courses;  7",'  and  T/  the  times  of 
ten  oscillations  of  a  small  horizontal  needle  in  the  location 
of  the  compass  with  the  ship  on  the  respecti\'e  headings 
!^(  and  Z%  ''  ^"^^  ^  the  time  of  ten  oscillations  of  the  same 

needle  on  shore  in  a  spot  free  from  iron:   then  ^,\  =  ~i,, 

and  7-Ti  =  -t/--     For  each  heading,  a  bearing  of  the  sun 

by  compass  is  to  be  taken  and  the  local  apparent  time 
noted;  fnim  these  and  the  declination  and  latitude,  the 
sun's  true  bearing  can  be  calculated,  and  thence  the  mag- 
netic headings  f,  and  Cj  obtained.  Substituting  the  above 
quantities  in  (297)  and  {298)  we  form  four  equations, 
two  for  each  heading,  thus:  - 

-i.S-+-^  cose,'- (i+a)  cose,-  .  .  (299) 

-l.ffl=  +  y^'  cosC/-(i+a)cosc,-  .  -  (300) 

il.E  =  - ^'  sinc,'  +  (H-e)  sin  C-  -  .  (301) 

^.e--^'-  sin  c/  +  {H-e)  sine,.  ■  •  C302) 

Syfc»WCting  {300)  from  (299).  and  (302)  from  C301),  both 
Jl       hhI  i.S  disappear;  then  deducing  the  values  of  (i  +a) 


I  and  (i  -he),  and  dividing  both  numerator  and  denominator 
ii  of  the  second  members  of  the  resulting  equations  by  2, 
j,  which  will  not  aJter  the  value  of  the  first  members,  while 
rendering  the  second  more  convenient  for  subsequent 
/     use,  we  have 

^.' 
-77^ 


cos  ^, 


(i+o)- 


(1+^) 


M 

i[cos  Ci  —  cos  f ,] 

i\_jfsm  C,  --jf^  sm 

i[sin  C|  — sin  ^,] 


-V] 


(303) 


(304) 


Adding  (299)  to  (300),  and  (301)  to  (302),  first  mem- 
bers of  each  pair  together,  and  also  second  members 
together,  the  values  of  ffl  and  E  are  thence  deduced; 


^\b 

cos  c 

-( 

cos  r 

^\b 

1   H 

sine, 

sin  z 

(i+a)i|cosC,  +  cosc:,l  J.      (305) 


-  (i  +0i  |sin  C,  -l-sin  c,(  l-  {306) 
From  (2S5)  and  (287)  we  have 

(i+a)=A  +  ^.3).     .     (307);         CH-^)=J-.i,2);     .  (308) 

whence  k^\\(i +a)  +  {i+e)\      .      .     .     .  (309) 

fand  s  =  ^-.jj(j+u)-(i-e)[.    .    .    .     (310)' 

From  observations  on  the  two  headings,  the  quantities 
in  the  second  members  of  (303)  and  {304)  are  all  known, 
whence  (i+nj  and  (i+e)  become  known;    from  these,  X 


n 
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is  found  directly  by  (309),  then  %  by  (310).  and  finally,  S* 
and  G  by  (305)  and  (306).     Also 


(3..) 


Although  the  title  of  this  section  conveys  the  idea  that 

any  compass-points  may  be  used,  still  there  are  restric- 
tions:  When  ^,'  is  east  and  ^,'  west,  eq.  (303)  reduces  to  - . 

because  cos  90°  (east)  =cos  270°  (west)  =0;  similarly, 
when  ;;,'  is  north,  and  j,'*  south,  both  whose  sines  are  o, 

eq.  (304)  becomes  -;    thus  the  problem  is  indeterminate 

when  the  two  headings  are  on  the  cardinal  points  or  close 
to  them.  When  f,  and  ^^  are  equally  distant  from  one  of 
the  cardinal  points,  as  NE.  and  NW.,  or  NE.  and  SE., 
the  denominator  of  (303)  reduces  to  zero  with  the  first  pair, 
and  that  of  (304)  with  the  second  pair'  similarly  when 
f,  and  i^,  are  equally  distant  from  west  and  south.  This 
bars  the  use  of  the  following  pairs  of  magnetic  headings' 
N.  and  S.;  E.  and  W.;  NE.  and  SE.:  SE.  and  SW.; 
SW.  and  NW. :   NE.  and  NW. 

If.  otherwise,  the  magnetic  headings  are  diametrically 
opposite,  as  N.NE.  and  S.SW..  then 


cos  ^,  +  cos  Ci  =  o 
sin  ^,  +sin  Ci  ^o; 


and 
whence 

cos  C,^  -cos  ^,  or  J{cos  Cj^cos  Cj)  =-cos  l^^,     (3141 

and  similarly  ^(sin  C,  -sin  Q^  =sin  !^^.      ...      (315J 

These  simplify  {303),  (304).  (305),  and  (306). as  can  readily 
be  seen.     While  any  two  magnetic  headings  that  are  ««- 
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equally  distant  from  a  cardinal  point  will  make  the  solution 
of  the  problem  possible,  yet  there  is  a  choice;  and  the 
greatest  accuracy  will  result  from  those  near  two  adjacent 
cardinal  points,  as  N.  and  E.,  or  diametrically  opposite 
quadrantal  points,  as  NE.  and  SW. 

Docking  a  ship  affords  an  excellent  opportunity  for 
using  this  method :  accurate  observations  can  then  be  made 
in  dock  for  one  heading;  and  on  coming  out,  the  second 
heading  may  be  made  favorable  by  suitably  tying  up  the 
ship  to  a  wharf.  Or,  if  at  first  alongside  a  wharf,  she  may 
be  warped  into  another  direction  for  the  second  heading: 
in  very  still  water  good  oscillation  experiments  can  be  made. 

The  case  of  two  headings  at  »MequaI  distances  from  a 
cardinal  point  is  the  one  most  likely  to  occur,  and  will  be 
illustrated  by  an  example  from  experiments  made  in  i8q8 
with  the  ScoRESBY. 

The  vessel  and  its  vicinity  were  first  cleared  of  all  iron, 
and  a  small  horizontal  needle  was  oscillated  in  the  place 
of  the  compass,  the  latter  having  been  removed;  the  mean 
of  ten  sets  of  ten  oscillations  each  was  15,98*  =  7",  the 
amplitude  of  swing  for  each  set  being  20°  and  5°  at  begin- 
ning and  ending.  Then  the  compass  was  put  in  place, 
and  the  vessel  swung  on  the  eight  principal  points,  the 
bearing  of  the  "electric  sun"  being  taken  on  each;  it 
was  the  same  for  all,  N.  33°  o'  W.  =327°,  and  this  consti- 
tuted the  magnetic  line  of  bearing  with  which  subsequent 
compass-bearings  of  the  electric  sun  were  compared,  when 
the  vessel,  loaded  with  soft  iron  and  magnets,  was  swimg 
for  a  series  of  deviations. 

The  "electric  sun"  is  a  small  incandescent  lamp  fixed 
in  an  upper  comer  of  the  room;  and  as  the  compass  is 
mounted  so  that'  its  pivot  is  in  the  vertical  line  through 
the  pivot  on  which  the  vessel  swings,  there  is  practically 
no  parallax  in  the  bearings.  Magnets  and  soft  iron  were 
now  suitably  disposed  on  the  Scoresby,  and  she  was  swung 
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on  sixteen  points,  resting  four  minutes  on  each;  tbe  mazi* 
mum  deviation  was  —27®  15^  on  SW.,  and  fhe  neutral 
points  were  about  N.  60®  £.  and  S.  30®  W. :  thus  a  table 
of  deviations  was  obtained,  from  which  the  coefficients 
were  deduced,  to  be  used  as  standards  with  which  to  com- 
pare those  computed  by  other  methods,  as,  for  instance, 
the  one  of  this  article. 

Next,  the  vessel,  with  everything  as  above,  was  succes- 
sively puc  on  two  headings,  and  the  following  observar 
tions  made : 

FlltST  RBADIMO.  SbcOND  HB4DIMO. 

Bearing  of  electric 

sun.  magneUc. .    N.  33*  o*  W.  -jay*  N.  33*  </  W.  -jty* 

Bearing  of  eiectric 

sun  by  compass.   N.  51   o  W.  — 309  N.  39  o  W.—jsx 

Deviation +18  o  £.  +6  o  E. 

Ship's    liead    by 

compass X,    o*  o  W,  — 351— ^j  S.  54  o  W.— a34  — ^ 

Pe\"iation iS   o   E.  6   o  E. 

Ship  *s  head.  mag> 
nctic N.    o   o  E.  —     9— Ci  S,  60   o  W. «24o*-^ 

Mean  of  n\-e  sets^ 
of    ten    ccsciUa-  ; 

ti^Mis  each,  hori-     T,'  -  i6.oos  T;  -  is.95« 

rontal     neevilo.  ^Zl .  IL^.^l^^'J.  .  ^oa    Z!  .  K;    (1508)' 
thrv^u^h   aiv    of       \       -•      U^  cc  «  T^     H     (i3-95)' 

io*  at  bei::ir.r.!ni: 
tv»  5*  At  enviing. 

s:r.   •;' -       15^4:  vX^sC:*-  *-:>:::  s:-  •.'  — — .5ooc;  cos  Ci'  — ~-5*7*; 
sin   •; -.5^4.  o*>^  •-.  -  -oS'*:  sir.   •-  —  —  .S6^o;  cos  ^  ■■— -5' 


Su^.vi:::i:::r.j:  tr-io  ;\:vn*e  d^iv*  in    503"^  and  (304),  they 

Nxvr.ie 


,1-j    = 


-1.115.     (3»6) 


(1+^)  = 
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i[(  +  .894)(-.i564)-(  +  i.32i)(-.8o9)] 


^[(  +  .1564)- (-.866)] 

+  .4646 

~+.5"2 


+0.909.    (317) 


Then  substituting  these  values  of   (i+a)  and   (i+^) 
in  (309)  we  have 

'^  =  ii(  +  i."5)  +  (  +  -909)l  =1.012.   .     .     (318) 

Substituting  the  values  of  (316),  (317),  and  (318)  in  (310) 
it  becomes 

®=(i":^)*'^  +  '-"5)-(  +  -909)! 

=  (  +  .988)  {+.103I  -+.1017.      (319) 

We  now  have  all  the  data  for  computing  S  and  S ;  and  in- 
serting the  requisite  quantities  in  (305)  and  (306),  they 
become 

S8  =  +(  +  .988)[iJ(  +  .894)(  +  .987)  +  (  +  i.32i)(-.587)l 
-(  +  i.ii5Hl(  +  .9877)  +  (-.5ooo)}];  or 

95  =  +  (  +  .988)[|+.o534t-(  +  i.iis)l+.2438n 

=  +(.988)[  +  .o534-.27i8]  =  -.2iS4.     (320) 

€=-(  +  .988)[il(  +  .894)(-.i564)  +  (  +  i.32i)(-.8o9)} 
-(  +  .909)i I (  +  .1564) +  (-.866)1];  or 

6  -  -  (  +  .988)[  I  -  .604!  -  (  +  .909)  i  -  .355 1] 

=  -  ( +  .988)[  -  .604  +  .322]  =  +  .2786.     (321) 

From  (311),  (320),  and  (321) 

+  .2786 
tana  =  _-^j- ^-^934; 

.-.  a  =  52°i8'  +  9o°  =  i42«'i8'.   .     .     (322; 


962  PRACTICAL  FORMULAS. 

In  order  to  compare  the  results  of  (318)  to  (322)  with 
those  fn>m  16  points,  the  deviations  on  the  latter  were 
analyzed,  and  all  the  coefficients  and  the  starboard  angle 
calculated;  also,  to  get  x  by  a  different  method,  formula 
(258^  p.  Q44,  was  employed;  substituting  in  it  the  exact 
coefficients  ixoiw  the  obser\*ations  on  16  points  and  the  fol- 
lowing data  from  the  iirst  of  the  two  headings  worked  out 

alxne.    <>-=iS^o'E.;  -^  = -.894;'  :,=9'' o';   2:^  =  18°  o'; 
wv  have 

i  =  ^ -r. 804^-^.051'^ 


i-i-.223)(^.Q88)-(-h.284)(  +  .i56) 

-^j -f-.io35)('  +  .95ii) 
-(-.ooo5)(-f  .309) 

The  results  of  lx^:!i  methods — on  two  headings  and  on 
10  eou'A::<:ar.t  :\  ::.:> — will  Iv  Ix^s:  o-.rr.pared  as  in  Table  So: 

Tasle  nX 

RKSr:.T>  Of  EXPKRIMENTS. 


* 

1' 

.1.                      .             -      -      ^                  -                    .. 

--                 —          •-          "^-.^ 

t* 

^ 
^ 

e 

* 

4 

— 

,  v.^  : 

■  ♦  •  • 
*  •  « • 

-  ■   « 

-    : .' ;  ^ 

—     COT- 

-- 

• 

*                  ■ 

*                      • 

1.019 

^ 

N    -^ 

■*        '                     ^.    ' 

:- :  i  -.  -  *^ 

«-.:-  ->■>« 

:r.  :: 

^ 

*■                     *                  •                       " 

■  t 

■ 

- 

- 

(: 

- 

- 

•<* 

« 

_         ^  ^ 

^.  -  - 

^^  ~  STJ  ~  C^ 

^ 

_                        J       ^                    * 

*          ■   *   V 

"»."•-    " 

*  * 

.^. "  ■•     •  • 

^            »  * 

^ 

^ 

-        - 

.1."       " 

■*■       ^       *  T 

■»•       ?        5t  "■ 

r    :«3 

X" 
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Considering  the  quantities  in  cols,  (a)  and  (3)  natural  sims, 
their  angles  are  in  cols.  (5}  and  (6) ;  the  swing  on  16  points 
is  unquestionably  the  more  accurate  method,  but  it  is 
remarkable  how  closely  both  methods  agree;  the  observa- 
tions were  made  with  great  care,  however,  and  also  they 
were  susceptible  of  more  accuracy  with  the  Scoresby  than 
is  generally  the  case  with  a  ship  in  the  water;  a  set  in  dry- 
dock  should  be  equally  good. 

The  method  of  two  headings  is  available  when  others 
are  not;  it  can  be  practised  without  interfering  with  the 
ship's  work — while  in  dock,  or  coaling,  or  repairing;  it 
affords  the  important  coefficients  by  means  of  which  approx- 
imate deviations  on  all  points  can  be  computed  for  urgent 
need,  by  a  formula  to  be  given  in  Art.  327 ;  and  the  com- 
pass can  be  fairly  well  compensated  from  its  results:  al- 
together, it  is  very  useful  and  worthy  of  confidence  when 
extreme  care  is  taken  with  the  observations  and  the  con- 
ditions are  favorable. 

It  will  be  seen  that  some  of  the  quantities  are  repeated  in 
formulas  (303)  to  (310).  and  it  will  occur  to  the  navigator 
to  arrange  them  in  a  convenient  form  for  computation, 

336.  One  heading.^Reproducing  equations  (293)  and 
(294),  they  are: 

-^(7^)  cose' -(1  +  5^)  cose.    .     .     {324) 
i/H'\ 


ffl- 


a  = 


AH) 


1-  ( I  -  S)  sin  C- 


(325) 


S(  and  5  do  not  enter  these,  and,  as  has  been  shown,  with 
normal  deviations  they  do  not  affect  the  results  greatly. 

After  completion  of  the  ship,  X  and  3)  (for  the  same  spot 
on  board)  change  but  little  with  either  time  or  place,  but 
individual  values  of  X  do  vary  with  different  headings:  an 
examination  of  X  and  3)  for  different  types  of  vessel  of  our 
Navy  shows  that  they  vary  considerably;  in  one  ship  the 
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value  of  i.  was  0.64  on  a  NE.  course,  and  1.3  on  a  south 
course,  and  from  ship  to  ship  of  different  types  it  had 
mean  values  ranging  from  0.69  to  0.93;  %  in  the  same 
variety  of  vessel  ranged  from  0.04  to  0.15.  Supposing 
nothing  known  of  the  ship's  magnetism,  it  would  therefore 
be  somewhat  wild  guessing  to  assume  values  of  J  and  35; 
with  I  and  3)  assutned,  and  ?l  and  S  omitted,  eqs.  (324)  and 
(325)  must  be  regarded  as  affording  only  rough  approxi- 
mations of  the  quantities  computed  by  them;  their  results 
should  be  relied  upon  only  until  the  earliest  possible  oppor- 
tunity for  replacing  them  by  those  of  an  accurate  method. 
Still  they  are  useful  in  these  cases:  first,  for  following 
the  development  of  the  ship's  magnetic  character  while 
building;  second,  after  completion,  for  speedily  determining 
changes  in  ©  and  6,  using  X  and  3)  from  the  original  investi- 
gation of  the  ship's  magnetism ;  and  third,  for  deciding  upon 
a  site  for  the  compass. 

With  the  ship,  then,  in  dry  dock,  or  quietly  moored  to 
a  wharf — the  only  two  conditions  in  which  this  method 
should  ever  be  employed^and  with  no  other  iron  vessel 
or  large  mass  of  iron  near  enough  to  exercise  any  influence, 
the  procedure  is  this:  set  up  the  compass  and  observe  the 
direction  of  the  ship's  head,  and  take  a  time-azimuth  of 
the  sun  from  which  to  compute  the  true  bearing  and  obtain 
Z  and  3;  then  remove  the  compass  and  oscillate  the  hori- 
zontal needle  in  its  place  {T'}.  and  also  on  shor6  (T),  by 

which  we  get  j^  =  it  ;   assume  the  most  probable  values 

of  -I  and  5);  and  then  insert  the  requisite  data  in  (324) 
and  (325),  whence  S  and  S  become  known;  from  these  a 
is  computed  by  (311).  The  compass  may  now  be  roughly 
compensated  by  either  the  resultant  or  the  component 
method.  Finally,  an  approximate  table  of  deviations 
may  be  computed  by  the  formulas  of  Art.  327. 


\ 


SectioD  Three  :    Computatioa  of  the  Deviations  and  Changes  in 
the  Ship's  Magnetism  that  Affect  Them. 


327.  Computation  of  the  deviations  by  means  of  either 
the  exact  or  approximate  coefficients. — Formulas  for  obser- 
vations on  five  headings,  on  two  headings,  and  on  one 
heading  will  be  given.     From  eq.  (^6I),  p.  948,  we  have 

sin3=?[.cos5  +  »-sinC'  +  S-cosC'  1 

+  S.sin  ac'cos  5-f  33.COS  2^' sin  5 
+G.COS  2^  cos  3  — S.sin  aj'  sin  3  j 

Considering  SB,  S,  3>,  and  sin  d  quantities  of  the  first  order, 
and  SI  and  S  of  the  second,  we  may  write  cos  ^  =■  i :  then 
S.sin  a^'sin  <lf  being  of  the  third  onier,  disappears,  since 
only  those  of  the  second  are  to  be  retained,  and  {326} 
becomes 


(3=6) 


sin  5 -5). cos  2^. sin  d  = 


^51+33  sin  Z'  +  Q  cos  c' 

+  Xisin  2^'+(£cos  2^';     (327) 


.     .     ?l+S  sin  C'+S  cos  c'+^  sin  2(:'+(5  cos  2^'       ,     „^ 
=•"*  = — . -33.COS2C'  ■■     f^^"^' 

This  is  very  nearly  an  exact  formula;  by  observing  the 
deviations  (3,  .  .  .  d^)  on  any  five  compass  courses  {^,'  .  .  .  j;^') 
we  get  data  for  as  many  equations  similar  to  (328) ,  these 
solved  by  any  algebraic  process,  as  there  are  only  five 
imknown  quantities,  afford  values  of  the  coefficients,  and 
substituting  them  in  (328),  the  deviation  (5)  can  then  be 
calculated  for  the  32  points  (z'):  to  facilitate  the  work,  it 
may  be  arranged  in  a  Form  similar  to  Table  74. 

If  the  compass  is  in  the  midship  line,  or  so  favorably 
located  that  the  symmetry  of  the  horizontal  soft  iron  with 
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is  perfect  or  nearly  so,  then  ?(  and  S  will  be 
■  so  very  small  that  their  influence  on  the  devia- 

safely  neglected :  under  these  conditions,  eq. 
880,  becomes 


n5  = 


SS.sin  ^  +  6.cos  C  +  !l'.sin  gC 
r +93.COS  f  —  K.sin  f +  3).cos  2^'  ' 


(329) 


ibservations  on  X\vo  headings,  Art,  325,  the  coefficients 
_,  and  35  are  obtamed;  substitutmg  them  m  (329),  we 
can  successively  calculate  the  deviations  on  the  32   mag- 
netic points  (^);  and  then  by  means  of  a  Napier  diagram 
obtain  the  deviations  on  the  compass  coinses  (.''). 

With  the  compass  the  center  of  symmetry  of  horizontal 
soft  iron,  as  just  stated,  and  ?1  and  (S  therefore  negligible; 
and  further,  considering  cos  d  =  i,  as  above,  eq.  (326) 
becomes 

sin  5=ffl.sin  ^'+6  cos  ;' 

+  3>  (sm  2^'  cos  5  + cos  a^'  sin  d)\     (330^ 

or         sinJ-ffl.sin  c'  +  S.cosc'  +  3>  sin  (2C'  +  i).    .     (331) 


Or,  making  a  further  approximation,  {331)  reduces  to 


8  =  B. sin  C'  +  C .cos  c'+O.sin  2^'. 


(33^> 


S  and  E  are  found  by  means  of  (324)  and  (325)  from  obser- 
vations on  one  heading.  Art.  326;  then  assuming  a  value 
for  3),  and  inserting  these  quantities  in  (331)  or  (332),  we 
may  calculate  the  deviations  on  the  32  compass  points  (t^)'- 
but  to  arrive  at  these  equations  for  use  on  one  Iteadtng,  that 
is,  {324J,  (325),  (331),  and  (332),  so  many  assumptions, 
approximations,  and  omissions  had  to  be  made,  that  the 
statement  in  Art.  326  relative  to  their  yieldmg  only  crude 
results  is  entirely  justified.  Eqs.  {324}  and  (325)  ate  fully 
adequate,  however,  for  the  purposes  specified  in  Art,  336. 
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338.  Changes  in  a  ship's  magDetism  after  launching. — 

While  building,  an  iron  ship  is  much  like  a  steel  bar  under 
the  influence  of  a  powerful  magnet,  or  an  accumulator  con- 
nected with  a  battery — it  is  being  charged  up;  and  Hke 
every  mass  of  iron  or  steel  under  similar  circumstances, 
it  receives  more  than  it  can  retain.  The  5Mr-charge  dis- 
sipates in  time^a  long  or  short  period  according  to  the 
hardness  of  the  metal — and  eventually  only  the  quantity 
of  magnetism  remains  that  gives  distinctive  character  to 
the  ship. 

The  coefficients  ^  and  G  are  the  most  mobile  of  the 
features  to  indicate  magnetic  change ;  and  their  phases  in 
two  cases  will  be  presented  to  illustrate  the  matter. 

First,  the  Ach  illes  of  the  British  Navy ;  built  and  plated 
in  dock,  head  S.  52°  E.;  floated  Dec.,  1863,  and  secured  in 
River  Medway  with  head  S.  62°  E.,  for  purpose  of  taking 
in  machinery,  iron  masts,  and  to  equip  for  sea;  in  March, 
1864.  made  a  short  trial  trip  in  river  and  then  resumed 
former  moorings,  but  with  head  N.  62°  W. ;  in  October, 
1864,  being  completed,  was  swung  and  began  sea  service: 
her  record  from  date  of  launching  for  six  years  is  given  in 

Table  SI, 

CHANGE  IN  SHIP'S  MAGNETISM  AFTER   LAUNCHING. 

(Pr<™  Capl.  Zvtm,  R    S  ? 


Dec.,  1863. 
Sept.,  1864 
Oct.  13.  iM 
Oct.i3,>»e 
Dec,  1864. 
April.  1B65 
June,  1865 
Ang.,  1866 
April.  1867. 
April,  1&68. 
June,  1869 


In  dock,  heads,  s*"  E. 
Moored,  head  N.fia'-W. 
Mooted,  head  S,  55'  E. 
Completely  swung. 


+■-35521 
+  .30*2: 

+  .361 

+  .3" 
+  .2B8 
+  .308.; 

.   +-.3M    " 


li8»50' 

'    3    36 


.   7  06 

'    7  55 

■    8  34 

7  36 
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Table  81.  The  coefficients  ffl  and  G  are  given  in  cols,  (3) 
and  (5) ;  but  their  fluctuations  will  be  better  appreciated 
by  considering  them  the  sines  of  angles,  and  giving 
the  corresponding  values  of  these  in  cols.  (4)  and  (6) 
respectively. 

It  will  be  seen  by  cols.  (3)  and  (4)  that  for  the  first  year 
and  a  half  S  slowly  and  steadily  decreased,  and  then  during 
the  following  four  years  had  quite  a  uniform  value  of 
about  18°:  S.  on  the  contrary,  cols.  (5)  and  (6),  dropped 
suddenly  in  ten  months  to  one-ninth  its  original  value — 
fluctuated  about  this  minimum  fbr  a  year — then  rose— 
and  finally  fell  again,  acquiring  a  uniform  value  of  about 
7°  30'  during  the  last  four  years  of  the  record. 

Second,  the  Royal  Charter:  this  was  a  full  square- 
rigged  (iron)  ship,  326  feet  long,  41.5  feet  beam,  with 
auxiliary  steam  power  and  a  hoisting  propeller;  she  was 
built  head  N.  go"  W. ;  launched  Sept.,  1855;  equipped  and 
loaded  at  Liverpool ;  and  then  sailed  for  Australia.  Dr. 
Scoresby  took  passage  for  the  special  purpose  of  making 
observations  of  her  magnetism;  the  data  of  Table  83  are  I 
Table  82. 
changk  im  ships  m.agnetism  after  launching 


Plurcf 

Dalt  <X 

Corfflcicntl 

Sw,„« 

A 

B 

C 

D 

E 

k 

Liverpool.., 
Melbourne. 
Liverpool. 

Jan.,  ,856 
May,  1856 
Aug.  1856 

-0°  2f 
-I     27 
-0    03 

-J' 48' 
~l    06 

-  8   59 

-  3      31 

+  6=59- 
+  6    2,1 
+  6    10 

-0-  s»' 

-0  re 

+0  56 

16  poini). 

from  him,  and  may  therefore  be  relied  upon.  The  ship 
sailed  January,  1856— reached  Australia  in  May — and  re- 
turned to  Liverpool  in  August,  all  in  the  same  year:  she 
was  completely  swung  just  before  going — upon  arrival  at 
Melbourne — and  again  after  return ;  the  coefficients  derived 
from  analysis  of  the  deviations  are  given  in  TabJe  82.  '^*"' 
passage  out  was  a  stormy  one,  and  it  will  be  se 
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values  of  B  and  C  that  it  sufficed  to  shake  most  of  the 
iur-charge  out  of  the  ship  Juring  the  first  four  months  of 
her  sea  life:  on  the  other  hand,  the  values  of  D  denote  a 
very  uniform  quadrantal  deviation,  notwithstanding  ex- 
treme geographical  change  and  the  rough  treatment  by 
the  sea;   A  and  H  show  considerable  changed/or  Ihcm. 

339.  Separation  of  the  two  parts  of  8  and  E.^Prom 
eqs.  (116)  and  (117),  p.  879,  we  have 

SB  =  i.c.tanfi  +  ^.^.    (333);     E  =^  ./-tan  ff  +  j  .^.    (334) 

By  Fig.  434  and  Art.  268,  it  will  be  seen  that  P  and  Q 
represent  the  magnetic  effect  of  hard  iron — a  disturbing 
force  that  is  practically  constant. 

By  Figs.  441  and  442,  page  757,  c  and  /  represent  the 
effect  of  vertical  soft  iron  ^transient  magnetism,  whose 
power  depends  on  the  vertical  component  of  the  Earth's 
intensity,  and  therefore  increases  or  decreases  with  the  Dip. 

For  two  reasons,  it  is  desirable  to  know  the  degree  of 
each  effect:  first,  to  compensate  the  compass  properly,  for 
we  cannot  counteract  the  effect  of  soft  iron  by  a  permanent 
magnet,  nor  that  of  hard  iron  by  a  Flinders'  bar;  and 
second,  for  predicting  changes  in  the  deviations  as  the 
ship  traverses  different  latitudes. 

Of  the  quantities  in  (333)  and  (334),  &  and  H  are  given 
on  Magnetic  Charts;  X  is  practically  constant — it  may  be 
determined  once  for  all  on  completion  of  the  ship;  and  ® 
and  S  are  computed  from  tables  of  deviations.  Suppose 
the  ship  swung  in  two  widely  separated  places,  and  desig- 
nate the  quantities  proper  to  each  by  S,,  S,,  ff^,  /■/,,  and  ffl,, 
S,,  fl,,  //,;  then  from  (333)  and  (334)  we  have 

SB,=j.tan(?,+-^.^.  (335);  ^^^\x2.n0^^^.~.  {336) 
e,  =-^.tanfl,  +  -^.~.    (337);      6,=j.tan^,  +  |.^-.    (338). 
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se  to  get  -^ .  -j .  -^,  and  ^,  we  obtain: 

I  P     )tf.H,l[8,  tan  8,-8,  tan  a,] 

i~  H,tan»,-H.tan9,         '       •     <™' 

0      |H,H,l[ff,tan8,-g,tanl)J 

i~       H,  tan  9,-H,  tane,       '      '     ■     ''*°^ 

c_       H,a,-H,a, 

i  "H,  tan»,-H,tan8, "♦" 

/  ",g,-».g, ,      , 

A"«,  tan»,-W.tanl», U-"" 

In  C333)  and  {334)  the  terms  representing  AarJ  iron  arc 

P                   Q 
m     ^'"^     iH <3«' 

components  toward  tho  bow  and  side  respectu-ely:  squar- 
ing each,  we  have 

{th)'     ■     (3«)       "d       {■&)'■■    ■    W 
whence  their  resultant  R*,  or  the  total  effect  of  hard  iron,  is 

Simibriy  the   terms   representati™  of  soft  iron  in  \3iSi 
a^VfA  (^,u>  are 

V  tan  C    and    4-  tan  ff,       ...    (34?) 

^y-  U^'W  ami  side  respectiwly;  whence  their  resultant  R"'* 

R"--\(^.tan(*)'-r(4.tanffy.     .     .    (348) 
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Since  the  resultant  of  the  forces  that  produce  semicircular 
deviation  lies  in  the    direction   whose  angle  is  given  by 

tan  a  =^.  by   analogy    the    direction  of   the   resultant  of 

each  kind,  that  of  hard  iron  denoted  by  a',  and  that  of 
soft  by  a",  will  be  given  by 


i  2 

AH 
"l  I' 


(349) ;    tan  a 


-  ./.tan  6 


.c.tan  6 


(350) 


Eqs.  {339)  to  (342)  give  the  separate  effects  of  hard  and 
soft  iron,  and  (346)  to  (350)  give  the  resultant  of  each  and 
its  direction. 

The  matter  will  be  illustrated  by  observations  of  the 
Navigator  of  the  U.  S.  S.  San  Francisco,  made  near  the 
port  of  San  Francisco,  Cahfomia,  and  at  Payta,  Peru :  the 
ship  is  a  steel  cruiser  of  4000  tons  with  a  primary  battery 
of  I  a  guns: 


Data  for  San  Francisco,  Cal. 

as,  =  --iS4 

S,  =  +  .049 
fl,-'+62"';  tan'=  4-i. 


Data  for  Payla,  Peru. 

a.-- 349 

E,-+.io6 
H,-+-.132 
0,=  +5°:  tan=  +.087 

Substituting  these  in  formulas  (339)  to  (34a),  they  become: 

P _  K4-.2S8)(  +  -33')U(--349)(  +  '.88')-( "  .iS4)(+.o87)] 
X  ~  (4-.ss8)(  +  i.88i)-(  +  .332)(  +  .o87) 

_:z^._.,„ 

+  ■456 
2      l(  +  .2S8)(  +  -33')l[(+i°6)(  +  i.88i)-(  +  .049)(+.o87)] 
i~  (  +  .!!58)(  +  I 

+.01657 


C3SI) 
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t  _  (  +  -^58)(--i54)-(+.33a)(-.349)  _+.o76i36 
-*      {  +  .258)(  +  '-88i)-(  +  .332)(  +  .o87)         +.456 

-+.166 (353) 

I       (  +  .258)(  +  .049)-(+.332)(  +  .io6)       -.02255 
k  °(  +  .a58)(  +  i.88i)-(  +  .332)(  +  .o87)"    +.456 

=  -.0494 (354) 

To  determine  the  effect,  separately,  of  hard  and  of  soft 
iron  at  San  Francisco,  substitute  the  data  for  that  place, 

and  the  values  of  y,  -r,  y,  and  -j  just  found,  in  (335)  and 

(337).  whence 

SB,  =(  +  .i66){  + 1.881) +  (-.i2o)(^^) 

=  (  +  .3i2)  +  (-.465) CSSS) 

e,={-.0494)(  +  i-88i)  +  (  +  .0363)('^^) 

=  (-.09a)  +  {  +  .i4i) (356) 

To  interpret  these  results:  in  (355)  the  quantity 


(  +  .3i2)=y  .tanfi 


■     (357) 


is  the  Iqngitudinal  component  of  the  magnetic  effect  of  ver- 
tical soft  iron;  and  as  it  is  plus,  c  is  in  the  position  of  (26) 
or  (23)  of  Fig.  441,  that  is,  it  is  either  forward  of  the  com- 
pass with  the  upper  pole  acting,  or  abaft  with  the  lower 
pole  acting:    the  quantity 

p.  J. 


(-■465)  = 


X  ■//, 


(358) 


is  the  longitudinal  component  of  the  magnetic  effect  of 
hard  iron;  and  as  it  is  minus,  P  is  abaft  the  compass,  or 
the  pull  is  toward  the  stem. 


SEPARATIOM  OF  B  AND   fi. 

Similarly,  in  {356)  the  quantity 

J. 


{-.092) 


r  tan  t 


(3S9) 


is  the  transverse  component  of  the  soft-iron  effect ;  and 
as  it  is  minus,  /  is  in  the  position  (28)  or  (29)  of  Fig.  442 — 
either  to  starboard  of  the  compass  with  lower  pole  acting, 
or  to  port  with  upper  pole  acting :  the  quantity 


(  +  .141)  = 


X  ■//, 


(360) 


is  the  transverse  component  of  hard-iron  effect,  and  as  it 
is  plus,  Q  is  to  starboard  of  the  compass,  or  the  pull  is 
toward  that  side. 

To  obtain  the  resultant  magnetic  effect  of  hard  and  of 
soft  iron  separately,  and  the  direction  of  each,  insert  the 
numerical  quantities  of  (357)  to  (360),  which  are  applicable 
to  the  port  of  San  Francisco,  in  C346)  to  (350) ;  whence . 


R"  -  >/(  +  .3I2)'  +  (-.092)  = 

,,      —.002  ,, 

na    ^ ——        =0.20';;   :.a    - 

+  .312  "■ 


=  .485-  -  (.i6r) 

[61°  45'.  .  (362) 

=■325-  ■  •  (3^3) 

343°  35'-  -  (364) 


Eqs.  {361)  and  (362}  give  the  total  magnetic  force  of 
hard  iron  and  its  direction;  and  C363)  and  (364)  give  the 
same  quantities  for  the  vertical  soft  iron. 

The  angles  a'  and  a"  found  in  the  tables  corresponding 
to  tangents  3.032  and  0.295  ^"^  7^°  45'  ^"d  16°  25':  but  as 


in  the  second  qtiadrant,  or  9o°  +  7i°45';    and  since  it  is 


r  force  a 
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— —  in  (364)  the  angle  a"  is  in  the  fourth  quadrant,  or 

36o'-i6°  25'=343°.15'- 

330.  To  compute  a  Table  of  Deviations  for  change  of 
get^raphical  position.— With  the  daU  afforded  by  eqs. 
(351)  to  {354),  the  navigator  can  prepare  in  advance  a 
table  of  deviations  for  any  region  it  is  contemplated  visits 
ing;  and  instances  are  not  rare  where  it  would  be  ad\'isable 
to  do  so.  Suppose  a  cruise  in  .\laskan  waters  were  in  Wew: 
fog  and  rain  prevail  there,  and  the  opportunities  for  swing- 
ing ship  are  not  as  good  as  in  middle  latitudes.  From  the 
swing  at  San  Francisco,  the  exact  coefficients  are  known; 
?I  and  @  var>'  but  little  with  change  of  place,  and  in  any 
event  they  affect  the  result  but  slightly;  %  is  practically 
constant;  so  that  3?  and  C  alone  are  required  for  the  new 
locality.  To  determine  them  for,  say  Sitka,  designate  the 
quantities  proper  to  that  place  by  ff„  //„  SB,,  6,:  then 
Ql  =  ^S°  and  130^,-3.732;  //,=  +o.i55;  substituting 
these  and  the  values  from  eqs.  (351)  to  (354)  in  formulas 
(333)  and  (334).  p.  969,  we  obtain  93j  and  E,:  with  these 
and  3,  S),  ®  from  the  swing  at  San  Francisco,  a  complete 
table  of  deviations  may  be  computed  by  means  of  formula 
(120),  p.  880,  arranged  in  any  convenient  tabular  Form 
similar  to  Table  74. 

331.  The  Gaussin  Error.— When  an  electric  current  is 
increasing  or  diminishing,  it  experiences  a  retard,  so  that 
its  strength  at  any  instant  is  not  equal  to  the  electromotive 
force;  this  is  due  to  inductance,  or  self-induction,  as  it  was 
formerly  called — ^an  opposing  force  in  the  medium  evoked 
by  the  current  itself:  the  alternating  current  is  a  series  of 
growths  and  declines,  and  although  current  and  force  have 
the  same  frequency,  still  their  curves  do  not  coincide — ^but 
are  out  of  step,  due  to  inductance;  this  is  illustrated  by 
Fig.  526,  where  the  solid  ciuTe  represents  electromotive 
force  and  the  dotted  one  current. 


J 


(1) 


(3) 


(2) 
Fig.  527. 


(4) 
Fig.   528. 

.     {To  face  p.  974.) 
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Something  analogous  to  this  occurs  in  the  transient 

magnetism  of  a  ship:  whether  she  steams  in  a  circle  or 
pursues  a  straight  course,  the  amount  induced  at  any 
instant  is  not  that  of  the  Earth 's  field  at  the  time  and  place, 


Fio.  536. 

but  the  amount  proper  to  some  previous  time  in  a  field 
ah^ady  passed  over — there  is  a  Jag  in  the  induction. 

In  the  case  of  an  armature  coil  revolving  between  the  field 
magnets  of  a  dynamo,  Fig.  i.^i,  it  cuts  the  lines  of  force 
nonnally  in  a  horizontal  line,  and  the  maximum  current 
should  pass  there,  but  experience  shows  it  to  be  otherwise- — 
the  brushes  must  be  set  at  the  ends  of  a  line  making  an 
angle  with  the  horizontal — there  is  a  lag:  so,  when  a  ship 
swings  with  either  helm,  Figs.  527  and  528,  there  is  a  lag 
in  the  maximum  induction— it  occurs  a  little  after  her 
course  has  been  normal  to  the  direction  (/■/)  of  the  lines  of 
-  the  Earth's  horizontal  intensity,  as  at  MM;  and  the  more 
lapid  the  swing,  the  greater  the  angle  MM  will  make  with 
NS,  or  the  greater  the  difference  between  the  deviations 
obtained  from  each  helm. 

Therefore,  for  accuracy,  the  ship  should  swing  with  both 
helms,  and  their  mean  be  taken ;  or  if  with  one  only,  it 
should  be  done  slowly,  resting  four  or  five  minutes  on  each 
point,  to  afford  induction  full  effect. 

As  the  ship  thus  swings  through  360°,  it  is  evident  that 
the  polarities  of  this  transient  magnetism  will  take  every 
possible  position  in  the  mass  of  her  iron — from  bow  to 
stem  and  the  reverse,  from  side  to  side,  and  at  every  angle 
with  the  keel;  also,  it  will  have  all  degrees  of  influence, 
according  to  the  heading  of  the  ship:  the  case  is  entirely 
analogous  to  that  of  the  revolving  armature  in  the  field 
of  the  dynamo  magnets.     If  the  ship  steer  east  or  west  for 
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some  time,  by  Pigs.  527  and  528,  it  is  seen  that  on  an 
easterly  course,  as  at  (2)  and  (3),  the  starboard  side  becomes 
invested  with  blue  polarity,  and  the  port  side  with  red, 
while,  on  a  westerly  course,  as  at  (i)  and  (4),  the  conditions 
are  the  converse  of  this. 

The  compass  is  equally  distant  from  both  sides — ^in  line 
with  their  polarities — and  therefore  unaffected  while  head- 
ing east  or  west ;  but  as  soon  as  the  ship  changes  course, 
the  transient  magnetism  causes  temporary  error:  the 
direction  of  this  may  be  inferred  from  the  figures;  for 
instance,  in  (i)  and  (4),  heading  west  if  the  ship  turns 
north,  both  the  starboard  aiid  port  sides  will  repel  the 
north  and  south  ends  respectively  of  the  needle,  and  a 
westerly  deviation  may  be  anticipated ;  if,  on  the  contrary, 
she  turns  south,  an  easterly  deviation  should  be  looked  for. 

In  (a)  and  (3),  ship  heading  east,  the  converse  of  this 
must  be  expected  for  the  same  tiuns. 


CHAPTER    XXV. 


Section  One  :  Napier's  Diagram. 

332.  Principle  and  use  of  the  diagram. — Almost  every 
phenomenon  admits  of  representation  by  coordinates:  the 
tide  rises  and  falls  as  time  goes  on,  and  intervals  of  the 
latter  may  be  denoted  by  abscissas,  while  heights  of  the 
former  by  ordinates;  a  curve  drawn  through  the  ends  of 
these  indicates  the  successive  ebb  and  flow.  So  with  the 
deviations:  to  different  azimuths  of  the  ship's  head  corre- 
spond definite  degrees  of  deviation ;  and  the  one  may  be 
represented  by  abscissas,  the  other  by  ordinates. 

Consider  Fig.  529;  let  .4|,.-i,  represent  a  part  of  the  grad- 
uated rim  of  the  compass-card  straightened  out;  .-1„  A^, 
A, .  .  .  .4j  are  magnetic  courses  differing  from  each  other 
by  10°;  A^E^^4°,  AjEj=&°  .  .  .  AtEf^'j"  io':  these  lines 
are  perpendicular  to  Af/\^,  and  represent  the  deviations 
on  the  preceding  courses :  the  curve  .4  ^E^ .  .  .  E,  drawn 
tnrough  their  ends  shows  the  varying  distance  of  the  needle 
from  the  meridian  as  the  ship  swings  round.  If  we  consider 
them  compass  courses,  we  might  still  designate  these  by 
A^  A^,  A^...Ai,  but  the  deviations  being  different  for 
the  same  point,  must  be  represented  by  another  system  of 
ordinates:  let  these  be  inclined  at  a  common  angle  of  45° 
to  the  line  of  abcissas  /l(,.4j,  and  make  A^B^,  A^B^ .  .  .  A,B^ 
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magnetic  cotu-ses,  the  dotted  for  compass  courses;  each 
system  is  inclined  60°  to  the  base  line  and  to  each  other, 
as  shown  between  N.W  and  N.W.  by  N.     See  Fig.  499. 

To  trace  the  curve;  suppose  the  deviations  to  be  for 
compass  courses — -that  is,  Ci»=S.SW.  =202°  30';  3,,  = 
+  32°°';  C'i.=SW.  by  S.=2i3°4s';  d,,= +33°  45':  C'n- 
E.-90°;     d, i8°o';     Ci-E.     by    S.  ^loi"  15';     5,= 

—  21°  30':  take  a  pair  of  dividers,  open  them  to  a  distance 
of  32°  on  the  vertical  line,  place  one  point  at  S.SW.,  and 
where  the  other  falls  on  the  dotted  ordinate  to  the  right 
(because  32°  is  plus),  make  a  small  cross  and  enclose  it  by 
a  circle ;  do  the  same  for  +  33°  45'  at  SW.  by  S. ;  and  for 
every  other  value  of  the  deviation,  observing  that  those 
marked  minus  are  to  be  laid  of?  to  the  left  of  the  base  hne 
on  the  dotted  diagonals,  from  their  respective  points,  as 

—  18"  o' at  East,  and  -  zi"  30' at  E.  by  S.:  then  by  means 
of  a  spline  draw  a  curve  through  all  the  crosses,  if  it  can 
be  done;  if  not,  then  a  midway  line  through  the  space 
over  which  they  are  scattered.  A  wavy  line  is  the  symbol 
of  the  development  of  most  phenomena:  the  changes  of 
temperature  and  pressure  of  the  air,  for  example,  are 
appropriately  represented  by  such  curves. 

The  phenomenon  of  deviations  is  preeminently  typified 
by  an  undulatory  line,  and  when  a  series  of  values  falls 
irregularly  outside  such  a  curve,  it  is  probably  due  to 
errors  of  observation ;  so  that  a  midway  line  through  the 
space  they  cover  will  more  nearly  represent  what  actually 
occurred  than  a  curve  that  might  be  i(«naturally  bent 
through  all  the  points  of  observation. 

If  the  deviations  be  for  magnetic  courses,  the  mode  of 
tracing  the  curve  is  the  same — using  the  solid  diagonals. 

Napier's  Diagram  may  be  called  an  expeditioiis  method 
of  least  squares,  in  so  far  that  it  gives  the  most  probable 
values  of  the  quantities  sought;  but  like  all  solutions  by 
construction,  it  lacks  the  accuracy  of  methods  by  com- 
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equal  to  the  deviations;    they  all  terminate  on  the  same 
curve,  but  at  different  points  from  those  of  the  magnetic 
courses,  thus  showing  the  difference  in  the  deviations  for 
the  same  point. 

Suppose,  now.  we  wish  to  know  the  compass  course 
corresponding  to  a  magnetic  course  of  25°,  upon  which 
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there  is  a  westerly  deviation  of  9°:  on  the  line  of  azimuths. 
at  j1/=^  =  25°,  erect  the  perpendicular  MD  =  d=  —if,  a^v^ 
draw  DC  at  an  angle  of  45°  with  A^A^;   it  meets  the  lafte:« 
at  C  =  34°  =  C';   and  as  ^  =i:  +  8.  hence  i^"  =  i-^," ■\- <f :    "^^ 
have  thus  simply  "constructed"  the  formula  expressing  ■£-"* 
relation  between  the  compass  course,  the  magnetic  cou«"^ 
and  the  deviation.                                                                                  | 
Instead  of  one  system  of  ordinates  being  perpendiciJ"  *■ 
to  the  base  line  and  the  other  inclined  at  an  angle  of  **  -SI 
as  in  Fig.  529.  both  systems  may  be  equally  inclined  tc^     n 
and  to  each  other — that  is,  have  an  angle  of  6(^  betiv«^^* 
them- — and  by  this  transition  Napier's  Diagram  is  forme*i  " 
Fig.  499.     This  requires  but  httle  explanation:  the  verti*^ 
line  represents  the  rim  of  the  compass-card  straighten* 
out :  the  points  and  degrees  are  engraved  along  its  exte* 
as  a  base  line;    the  solid  diagonals  are  the  ordina 
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putation :  it  has  some  advantages,  however,  over  the  latter. 
The  method  by  least  squares,  which  is  that  of  Form  lo, 
requires  observations  on  equidistant  points — 4,  8,  16,  or 
3a;  but  for  Napier's  Diagram  they  may  be  taken  with 
any  irregularity,  and  even  from  day  to  day  as  the  ship 
swings  to  wind  or  tide,  or  in  any  other  way  that  produces 
different  headings:  but  it  must  be  remembered  that  during 
the  period  covered  by  such  adventitious  observations,  the 
deviations  may  change  considerably,  and  that  the  results 
can  never  have  the  accuracy  of  a  complete  series  begun 
and  finished  within  a  few  hours. 

Any  number  of  observations  over  four  will  give  a  curve ; 
but  it  is  liable  to  great  error  with  only  a  few ;  never  less 
than  eight  should  be  used  for  even  moderate  deviations; 
while  for  abnormal  ones— say  over  40°— the  thirty-two  ob- 
servations are  requisite :  in  all  cases,  they  should  be  pretty 
evenly  distributed  around  the  circle. 

333.  To  convert  compass  courses  into  magnetic,  and 
the  converse.— The  principle  of  this  procedure  was  explained 
in  the  previous  article,  so  that  it  only  remains  to  gi^'e 
specific  rules  for  ready  guidance. 

Given^-compass  course;  required — magnetic :  look  for 
the  compass  course  on  the  vertical  line — from  it  proceed 
to  the  ciu've  by  the  doited  ordinate  passing  through  it,  or 
by  a  line  parallel  to  a  dotted  ordinate ;  from  the  point  of 
the  curve  reached,  return  to  the  vertical  line  by  a  solid 
ordinate,  or  a  line  parallel  to  one,  and  the  point  of  the  ver- 
tical line  arrived  at  is  the  magnetic  course. 

Thus;  for  compass  course  W.SW.  =247°  30',  Fig.  499. 
a  dotted  ordinate  does  pass  through  it,  but  from  its  point 
of  intersection  with  the  curve  no  solid  ordinate  returns, 
so  one  is  drawn;  this  meets  the  vertical  line  at  277*30', 
which  is  the  corresponding  magnetic  course, 

Giveyi— magnetic;  required — compass  course:  look  for 
the  former  on  the  vertical  line — from  it  proceed  to  the  curve 


by  a  solid  ordinate^and  from  the  point  reached,  return 
to  the  vertical  line  by  a  dotted  ordinate;  the  point  arrived 
at  will  be  the  required  compass  course.  Thus:  for  mag- 
netic course  E.  i  S.=95''3o',  Fig.  499,  no  solid  ordinate 
passes  through  it,  so  one  is  drawn ;  from  its  point  of  inter- 
section with  the  curve  no  dotted  ordinate  returns,  and 
one  is  drawn ;  it  meets  the  vertical  line  at  116'*  45',  which 
I  is  the  corresponding  compass  course.  Generally:  which- 
ever course  is  given,  find  it  on  the  vertical  line — place  one 
point  of  a  pair  of  dividers  on  it — open  them  until  the  other 
point  meets  the  curve  in  the  direction  of  a  dotted  ordinate 
if  a  compass  course  be  given,  but  in  the  direction  of  a  solid 
ordinate  if  a  magnetic  course  be  given;  let  this  point  of 
the  dividers  rest  on  the  curve  where  it  meets  it,  and,  using 
this  point  as  a  center,  swing  the  other  point,  which  is  on 
the  given  course,  until  it  cuts  the  vertical  line  again— as 
if  drawing  an  arc,  of  which  the  intercepted  part  of  the 
vertical  line  is  a  chord ;  the  second  point  on  the  vertical 
line  is  the  course  sought:  we  have  thus  to  deal  with  an 
equilateral  triangle  of  which  the  two  sides  represent  the 
compass  and  magnetic  courses  respectively,  and  the  base 
the  deviation  proper  to  them. 

The  following  couplets  will  assist  the  memory  in  using 
the  rules: 
(i)  "From    compass  course,  magnetic   course  to  follow. 

Depart  by  dotted,  and  return  by  solid. ' ' 
(2)  "But     if    you    seek     to     steer    a    course     allotted. 
Take    solid   from    chart,    and    keep    her    head    on 
dotted," 

When  the  deviations  are  computed  by  formula  (120), 
p.  880,  in  which  the  exact  coefficients  are  expressed  in 
parts  of  radius,  and  magnetic  courses  are  used,  a  curve 
must  be  plotted  on  Napier's  Diagram,  in  order  to  form  a 
Table  of  Deviations  on  compass  courses. 


98z 


GRAPHIC  METHODS, 


Section  Two:  The  Dygogram,  or  Representation  of  tbe  Direction 
and  Amount  of  the  Force  Acting  on  the  Compass. 

334.  The  priDciple  and  value  of  the  Dygogram. — As  a 
steel  ship  is  a  magnet,  a  compass  placed  on  it  is  under  the 
influence  of  one  of  her  poles:  the  strength  of  the  dominant 
pole  is  pitted  against  the  Earth 's  horizontal  intensity,  and 
the  needle  quivers  in  the  balance  between  them — inclin- 
ing in  different  directions  according  to  the  varying  power 
of  both  forces.     This  condition  is  portrayed  in  Fig.  530: 


Fio.  530. 

OF— 7^  =  the  direction  and  amount  of  the  Earth's  "hori- 
zontal intensity;  PC  ='D,=  that  of  the  ship's  disturbing 
force — supposed  due  to  a  north  pole  in  the  after  body; 
and  PC  =  /),  =  the  same  quantity  for  the  position  M  of 
the  ship.  Drawing  OC^R^  and  OC  =  Rj,  we  thereby  com- 
pound H  with  £*,  and  Z?,,  and  obtain  the  resultants  of 
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these  forces  on  the  headings  Ci'  ^nti  f/;  their  directions, 
5j  and  5,,  are  the  deviations  proper  to  those  courses. 

For  any  heading  ^n'  we  may  by  a  similar  construction 
obtain  R^  and  3„,  and  thus  arrive  at  a  graphical  repre- 
sentation of  the  force  acting  upon  the  compass  and  its 
direction — the  force-and -angle  diagram,  or  dynamo-gonio- 
gram,  or  Dygogram  as  it  has  been  abbreviated. 

The  adaptation  of  the  Dygogram  by  Captain  Colongue 
of  the  Russian  Navy  will  form  the  basis  of  what  follows. 
Besides  affording  a  speedy  solution  of  many  problems  of 
the  deviations,  the  Dygogram  appeals  more  strongly  to 
the  understanding,  and  presents  the  conditions  and  forces 
in  action  more  clearly  to  view  than  formulas;  also,  it  is  an 
easy  check  on  computations :  if  the  results  of  both  methods 
agree,  it  is  fair  to  presume  that  the  procedure  has  been 
correct;  if  discordant,  one  or  the  other  is  at  fault,  and  it 
is  a  warning  to  inquire  into  the  source  of  error. 

Although  its  usefulness  is  great,  still  it  must  not  be 
forgotten  that  it  is  a  method  by  construction,  and  carries 
with  it  all  the  little  inaccuracies  of  such :  it  is  an  invaluable 
pictorial  solution,  but  should  never  replace  compulation 
by  formulas. 

335.  Construction  of  the  Dygogram.— The  coefficients 
W,  S,  G,  3),  IS,  representing  the  magnetic  force  of  the  ship, 
are  used  in  conjunction  with  the  Earth's  intensity  H,  for 
the  construction ;  and  the  mechanical  performance  of  this 
operation  will  first  be  described,  leaving  the  reasons  for 
the  procedure  to  be  stated  when  the  curve  is  before  the  eye. 

In  order  to  be  specific,  values  are  given  to  the  coeffi- 
cients as  follows:  3t  =  +  .o55;  ©  =  +.245;  £=+.345; 
3)-+. 165;    and  e  =  +.o85. 

-^  ^^%-  53i_  (tvliiclt  is  constructed  on  a  scale  of  milli- 
meters), draw  OX  to  magnetic  north  as  a  meridian,  and  OY 
to  magnetic  east,  that  is,  rectangular  axes  with  origin  of 
coordinates  at  O.     From  O  lay  off  OP  toward  the  north 
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and  make   it  equal  to  unity  =  one  decimeter  =  ioo  milli- 
meters; and  through  P  draw  A.' A''  parallel  to  OY. 

Each  coefficient  may  be  either  plus  or  minus. 

To  construct  +91 ;  take  its  amount  from  the  millimeter- 
scale  and  lay  it  off  on  A'A''  from  the  point  P  toward  the 
right  or  east  and  mark  its  end  .4  ;  then  PA  =  +  ,055  mm, ; 
if  it  were  — ?(,  it  woUld  be  laid  off  on  A'A'  from  P  toward 
the  left  or  west.  For  +S;  measure  its  amount  by  scale 
and  lay  it  off  on  A'A"'  from  the  point  A  toward  the  east 
and  mark  its  end  A;  then  ,4A=- +.085  mm.;  if  it  were— S, 
it  would  be  laid  off  from  A  on  AA'  toward  the  west,  whether 
the  point  A  fell  on  the  east  or  west  of  OX.  For  •V%:  draw, 
a  parallel  to  OX  through  the  point  E ;  lay  off  the  amount 
of  3)  on  this  parallel  toward  the  north  from  the  point  E, 
and  mark  the  end  D;  then  ED=  +.165;  if  it  were  -3),  it 
would  be  laid  off  from  the  point  E  toward  the  south  on 
the  parallel  to  OX  through  the  point  A,  whether  E  fell  east 
or  west  of  OX.  For  +S8:  lay  off  its  amount  from  the 
point  D  on  the  parallel  to  OX_through  E  toward  the  north 
and  mark  its  end  B\  then  DB^  +.245;  if  it  were  -SJ,  it 
would  be  laid  off  from  the  point  D  toward  the  south  on  the 
parallel  through  E  whether  D  itself  fell  above  or  below 
AA'.  For  +G:  through  the  point  B  draw  a  parallel  to 
AA',  and  on  this  parallel  measure  the  amount  of  £  from 
the  point  B  toward  the  east  and  mark  the  end  ,V;  then 
BjV=+.34S;  if  it  were  -S.  it  would  be  laid  off  from  B 
on  the  parallel  through  that  point,  toward  the  west,  whether 
B  fell  north  or  south  of  the  line  AA'. 

Open  a  pair  of  pencil  dividers  to  the  length  of  the  dotted 
line  AD,  and  with  ^  as  a  center  describe  the  circumference 
DFQG,  called  the  generating  circle.  Draw  the  line  ND 
and  prolong  it  to  5,  so  that  DS  =  ND;  and  mark  the  second 
intersection  of  NS  with  the  generating  circle,  Q. 
I  Take  a  protractor,  such  as  that  shown  at  V,  and  place 
its  diameter  OY  along  the  line  NS  with  the  center  O  at  Q, 
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t  angles  to  PC,  Pig.  530,  extended  vertically 

from    the    compass    pivot,    with    fore-and-aft 

^agb  a  slot  in  the  keel :  then  as  the  ship  swung 

reality  on  the  circumference  of  the  generating 

;  of  the  pencil  would  trace  out  on  paper 

hip's  bottom  the  dygogram  curve  NHS,  Fig. 

i  superpose  the  semicircular  deviation  on  the 

of  the  quadrantal  circle,  which  is  what  is  actually 

e  construction  of  Fig.  531. 

■ntour  of  the  dygogram  varies  with  every  ship 
(^ing  to  her  magnetic  character,  and  in  the  same  ship 
'erent  spots ;  as  a  result,  we  have  the  shifting  of  the 
'"points  of  the  curve:  magnetic  North,  South,  East,  and 
West  are  one  thing^fixed;  the  dygogram  points  N.,  N. 
by  E.,  N.NE.,  etc.,  or  the  successive  magnetic  headings 
of  the  ship  proper  to  certain  parts  of  the  curve  are  quite 
another — movable  with  reference  to  the  coordinate  axes. 
If,  in  Fig.  530,  we  multiply  i?,  successively  by  cos  ^^ 
and  sin  S^,  we  thereby  obtain  its  components  OB  and  BC 
in  the  axis  OX  and  parallel  to  OV:  by  reference  to  eqs. 
(118)  and  (119),  p.  879,  which  are  reproduced  below. 
it  is  seen  that  in  Fig.  530  we  have  the  geometrical  con- 
struction of  those  formulas;  ^or-rrr  is  the  combined  force 
of  Earth  and  Ship  (H'}  in  terms  of  the  mean  force  to  mag- 
netic north  {i.H);  therefore  t-tj  corresponds  to  OC  =  R^ 
in  Fig,  530,  and  hence  y~u  -^^^  ^  ^^  *^^  same  as  R,  cos  ^^ 

=  OB,  and  j77  sin  3  the  same  as  R,  sin  8^  =  BC. 

Following  are  the  equations  above  referred  to  with  their 

numbers  on  page  879. 

T--^.cos5  =  i+3}.cos  c-G.sin  c 

+  3). cos  2C-®.sin  2C.     (118) 
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sin  5=9(-l-51.sin  ^  +  6.cos  C 


1  2(1; +E. cos  2^-        (119) 


If  in  these  we  make  C'='0'  that  is,  have  the  ship's  head 
north  magnetic,  they  become,  since  sin  o"  =0  and  cos  0°  =  \ . 


H' 
i.H 
H' 

I.H 


cos5-i+S+3)=a:o, 
sin  iJ=?l  +  G+G=j„ 


(365) 
(366) 


and  thus  it  is  further  seen  that  the  pnx»{Jure  of  Art.  335 
was  but  the  geometrical  construction  of  formulas  (365) 
and    (366) — the    former   (365)    being  equal   to    OP  (  =  1) 

+  S{=EB=+.i65  mm.)+S(=/?H=+.245  mm.),  all  in 
the  direction  of  the  axis  OX;  and  the  latter  (366)  being 
equal   to_?l(  =  A4  = +.055  mm.) +©( -.T£= +.085  mm.) 

■\-%{=BN  =  +  .345  mm.),  aJl  in_t]ie  direction  of  the  a.^s  OY. 
Eq.  (365)  represents  the  line  C'.V,  Fig.  531.  projected  on 
the  meridian,  or  R^.cos  d^  =  Ox^,  and  eq.  (366)  the  same 
line  projected  to  magnetic  east  or  R^.sin  da=x^:  the 
dygogram,  therefore,  is  the  geometrical  construction  of 
formulas  (:i8)  and  (119). 

By  making  f  =0  in  these  equations,  we  obtained  the 
coordinates  x^,  y\  in  (365)  and  (366)  for  one  point  of  the 
dygogram:  substituting  in  (118)  and  (119)  other  values 
of  Q.  we  may  obtain  the  necessary  number  of  points  for 
completely  tracing  the  curve;  thus  the  coordinates  x,,  _v, 
for  N.  by  E.  and  x^,  y^  for  East  are  here  given  as  examples: 

i,-i+[(  +  .!45)(+-98i)]-I(  +  .345)(  +  .>9S)l 

+  [(  +  .i6S)C  +  -924)]-[(  +  .o8s)(  +  -38s)]-  + 1.284  mm. 

-[  +  .OS5]+r(  +  .245)(  +  .>9S)l+[(  +  .34S)(  +  .98i)] 

+  [(  +  .i65)(  +  .38!)]+[(  +  .o85)(  +  .924)]-  +  ,57jmm. 
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*,  =  i+[(  +  .a4S)(o)]-[(  +  -34S)C+i-)] 

+  [C  +  -i65)(-i-)]-[(  +  -o8s)(o)]  =  +.49omm. 

ys=[  +  -05S]+[(  +  -245)(  +  i-)l+[(  +  .34S)(o)] 

+  [(+.i65)(o)]+[(  +  .o85)(-i.)]  =  +.ai5mm. 

When,  as  above,  we  multiply  the  coefficients  by  the 
functions  of  ^  connected  with  them  in  the  formulas,  we 
thereby  express  numerically  the  modified  condition  of  the 
field  around  the  compass  for  that  particular  heading  of 
the  ship,  just  as  it  was  mechanically  illustrated  by  the 
telescopic  nature  of  the  line  OC,  Fig.  530. 

The  computation  of  (118)  and  (119)  for  a  number  of 
values  of  ^  is  tedious  though  accurate ;  but  there  is  a  speedy 
method  of  plotting  the  curve— that  described  in  Art.  335 — 
which  is  sufficiently  accurate,  when  carefully  done. 

The  point  Q  is  called  the  pole  of  the  dygogram.  As 
will  be  seen  by  Fig.  531,  the  line  AD  is  the  resultant  of  AE 
andEZT,  or  ylD  =  %/(£' +15' ;  and  similarly  Z?.V  =  v'SF'-fG''; 
the  former  is  the  radius  of  a  circle  whose  circumference 
forms  a  circular  base  line  upon  which  another  circle,  whose 
radius  is  D.V,  rolls,  and  traces  the  dygogram. 

337.  Values  of  the  deviation  and  force  obtained  from, 
the  dygogram. -^ By  constructing  values  of  the  coeflScients, 
two  points  of  the  dygogram  are  obtained — North  and 
South ;  and  drawing  a  perpendicular,  to  NS  through  Q 
gives  East  and  West;  if,  in  the  further  construction,  the 
dots  around  the  periphery  of  the  protractor  be  placed  at 
intervals  of  11°  15',  the  radii  through  these  dots  and  the 
pole  Q  will  intersect  the  curve  {when  traced)  in  the  remain- 
ing dygogram  points,  which  are  the  successive  headings  of 
the  ship  by  compass — as,  for  example,  in  positions  L  and 
M,  Fig.  531.  Drawing  lines  from  0  to  all  these  points  of 
intersection,  we  obtain  the  deviations  thus :  place  the  pro- 
'  tractor  with  its  center  at  O,  zero  radius  along  OP,  and 
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90°  .  .  ,  a 7o''-diameter  coincident  with  01';  then  read  the 
angles  corresponding  to  the  lines  drawn  to  the  points — 
they  are  the  deviations,  those  on  the  right  of  OP  being 
easterly,  those  on  the  left,  westerly:  for  example,  in  Fig. 
531,  3o=^j8°  30'  E.  for  North  and  5i,  =  i2°45'  W".  for  South. 
Then  with  a  millimeter  scale  measure  the  lines  from  0  to 
the  same  points,  and  if  the  construction  is  based  on  the 
mean  force  to  north  as  unit  of  measure,  these  lengths  will 
represent  the  combined  force  of  Ship  and  Earth,  for  the 
several  headings,  in_the  same  imit,  thus;  OA'  =  R^  =  i,465 
for  head  north,  and  OC  =^,  =-755  for  head  E.NE. 

Having  obtained  the  deviations  on  all  the  magnetic 
points,  they  are  to  be  plotted  on  Napier's  Diagram,  and  the 
deviations  on  the  compass  points  thence  obtained,  as  ex- 
plained in  Art.  333. 

If  the  deviation  and  force  are  desired  for  any  course, 
other  than  one  of  the  32  points — say  for  N.  23°  E. — the 
procedure  is  as  follows :  place  the  protractor  with  its  center 
O  at  Q,  Fig.  531,  and  the  diameter  0)'  along  A'5,  the  scnii- 
circle  toward  the  southward;  at  23°  from  NS  toward  the 
right  make  a  dot,  and  draw  a  line  tlirough  this  and  Q—il 
will  cut  the  curve  at  Z,  and  NQZ  is  the  course  N.  23°  E.; 
draw  OZ,  and  measure  it  and  also  the  angle  POZ— the 
latter  is  the  deviation  and  the  former  the  force  proper  to 
the  given  magnetic  heading.  This  procedure  is  really 
identical  with  that  for  obtaining  the  33  points  already 
described. 

The  points  /  and  J,  Fig.  53:,  in  which  the  meridian  cuts 
the  curve,  are  those  headings  on  which  there  is  no  devia- 
tion :  to  ascertain  which  ones  they  are,  draw  lines  from  Q 
to  I  and  J,  and  prolong  them  well  beyond ;  lay  the  ^ 
tractor  V  with  its  center  0  on  Q  and  diameter  along  -V5, 
with  the  semicircle  alternately  on  each  side  of  this  line, 
and  read  off  the  number  of^egrees  from  North  and  from 
South  to  the  lines  QI  and  QJ  respectively.     Thus,  in  Fig. 
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531,  the  headings  of  the  ship  on  which  there  is  no  deviation 
are  NQl  =  N_.  41°  W.,  and  SQ]  =  S.  70°  E^the  force  on  the 
former  is  0/  =  i.49s;  and  on  the  latter,  OJ  =.52^. 

The  point  of  contact  of  a  tangent  to  the  curve  from  0 
is  that  heading  of  the  ship  for  which  the  deviation  is  a 
maximum ;  a  tangent  may  be  drawn  on  each  side  of  the 
meridian,  denoting  respectively  the  greatest  easterly  and 
westerly  deviation :  for  example,  OH  is  tangent  at  H ;  the 
magnetic  heading  upon  which  the  maximum  easterly 
deviation  occurs  is  NQH  =  N,  57°  E. ;  the  directive  force  is 
0H=  .895 ;  and  the  deviation  is  POH  =  38°  E. 

Often  the  coefficients  SI  and  S  are  almost  equal  in  value 
and  opposite  in  sign;  this  is  the  case  with  the  U.  S,  S. 
Atlanta,  which  had  ?t  = +.0061  andG  =  — .0058;  and  the 

U.  S.  S.  Concord,  with  91 .0038  and  e  -  +  .0048 ;  they 

so  nearly  cancel,  that  for  these  ships  3t  and  G  may  be  con- 
sidered zero.  Many  other  ships  have  these  coefficients  so 
small  that  they  scarcely  affect  the  results  obtained  from  a 
dygogram.  In  all  such  cases  the  construction  is  simplified 
by  their  omission :  both  the  center  of  the  generating  circle 
and  the  point  D  then  fall  on  the  meridian  OX,  and  the 
radius  of  the  circle  is  simply  5). 

338.  To  determine  ffl,  (£,  D,  and  >1  from  obserrations  on 
two  headings;  and  thence  obtain  the  Deviations  and  Force 
on  the  32  compass  points. — The  mathematical  basis  of  this 
I  problem,  the  observations  to  be  taken  for  it,  the  cases  in 
which  it  is  most  useful,  the  conditions  that  conduce  to 
accuracy,  and  those  in  which  it  fails  entirely — have  all  been 
set  forth  in  connection  with  its  solution  by  computation  in 
Art.  325;  the  method  by  construction  will  be  given  here, 
and  the  example  of  Art.  325  used.     Reproducing  its  data 


=  E.  =9°;  ^,  =  18°  o'  E.;    .   „  = 


^=S.  60°  W.  =240"; 


One  familiar  with  constructions  of  this  kind  will  find 
some  of  the  following  details  superfluous,  but  they  will 
probably  prove  useful  to  others. 

The  Dygogram  Fonn  of  the  Compass  Office  will  be  used 
— Fig-  532.  The  coordinate  axes  OX  and  OY  are  directed 
to  magnetic  north  and  east  respectively;  KK'  is  parallel 
to  01';  OP  =  i  =unity  of  scale  for  measuring  all  lengths; 
it  is  divided  into  100  parts;  the  tenths  are  numbered  .100, 
.200,  etc.;  the  smaller  divisions  are  hundredths,  and  may 
be  divided  into  halves,  thus  enabling  %'alues  to  the  third 
decimal  place  to  be  plotted ;  the  arc  LPL'  has  its  center  at 
O,  and  is  for  plotting  the  observed  deviations,  and  after- 
ward for  determining  them  when  the  dygogram  has  been 
traced. 

The  observations  for  this  problem  give  the  force  and  its 
direction  {which  is  the  deviation)  on  two  headings — they 
are  two  points  of  the  dygogram ;  frorn  them  the  coefficients 
are  found,  the  complete  curve  is  drawn,  and  from  this  the 
force  and  deviation  on  every  magnetic  point  are  obtained: 
plotting  the  deviations  on  Napier's  Diagram,  those  on  the 
compass  points  are  thence  derived. 

Following  is  the  procedure  of  constructing  the  above 
data:  Lay  otf  the  angle  FOR,  =  5,  =  18° o' E.,  the  deviation 

on  the  first  heading, and  make  0^?,=  j-lj  =R,  =.894  of  the 

scale  'OP;  lay  off  POR,  =  3^  =  6°  o'  E. ,  and  make  OR^  =  j^ 

=  /^,  =  i.32i;   westerly  deviations  should  be  laid  off  to  the 

left  of  ~0P.  

Through  the  points  R^  and  R^  draw  the  parallels  R,Ty 
and  RjT,  to  OX;  place  a  protractor  with  its  center  suc- 
cessively on  the  points  7?,  and  R^  and  its  zero-radius  on 
these  parallels,  and  count  toward  the  right  the  number  of 
degrees  of  the  ship's  magnetic  heading  in  each  case,  and 
mark  it;  for  R^  it  is  9°  =  Ci  =T^R,C.  and  for  7?,  it  is  260°- 
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l^j=T^RjC',  reckoning  from  /^jT,  toward  the  right;  draw 
the  outline  of  a  ship  around  R^  and  R^ — each  on  its  proper 
heading;  draw  lines  through  these  headings  until  they 
meet,  and  mark  the  point  of  intersection  U — the  lines  are 
Rjj  and  RjJ. 

Draw  perpendiculars  through  the  points  /?,  and  /?,  to 
the  lines  R,U  and  R,0,  and  where  they  meet  mark  the 
point  V. 

Bisect  the  angle  made  by  the  ship's  magnetic  headings; 
in  the  present  case,  it  is  the  angle  corresponding  to  the  are 
HMF  =  26o°~()°  =  2;ji°,  whose  half  is  115°  30':  place  the 
center  of  a  protractor  at  U,  and  its  zero-radius  coincident 
with  UH — the  direction  of  the  ship 's  head  at  R,,  and  count 
115°  30'  to  the  right,  which  determines  the  point  M  for 
drawing  the  bisectrix;  then  Wi/-.U  =  115"  30'. 

Through  V  draw  a  line  parallel  to  this  bisectrix  UM 
and  call  it  VW;  from  the  point  U  let  (all  a  perpendicular 
upon  VW  and  mark  the  intersection  W.  Prolong  VW 
to  OX  and  mark  the  point  D;  produce  VW  to  cut_OX' 
and  mark  the  intersection  D' .  Measure  the  distance  DV; 
it  is  .194,  and  \{DD')  =.097,  which  is  the  radius  of  the  gen- 
erating circle;  lay  this  off  from  either  D  or  D' — it  cuts 
OX  in  P',  which  is  the  center  of  that  circle,  and  from  which 
it  is  to  be  drawn. 

Prolong  VR^  and  from  D  let  fall  a  perpendicular  upon 
it — to  B;  also,  let  fall  a  perpendicular  from  D  upon  V'R,, 
meeting  it  at  B' \  then  DB  =  T)B' — they  represent  the  lon- 
gitudinal disturbing  force;  only  one  of  these  lines  need  be 
drawn,  but  as  their  equality  is  a  test  of  the  accuracy  of 
the  construction,  it  is  well  to  draw  both.  From  D'  let 
fall  perpendiculars  upon  C/K,  and  UR^,  and  mark  the  piints 
of  meeting  these  lines  C  and  C  respectively;  then  D'C  = 
D'C — they  represent  the  transverse  disturbing  force,  and 
only  one  need  be  drawn. 

As  both  systems  of  forces  are  separated — one  pair  ema- 
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Hating  from  D  and  the  other  from  D' — we  can  find  their 
united  action  by  transferring  one  of  each  to  either  D  or  D' ; 
that  is,  DB'  to  D' ,  and  then  it  acts  jointly  with  D'C'\  an 
outline  of  the  ship  is  to  be  drawn  around  D' ,  headed  as 
at  R^:  or,  transfer  DS  to  D' ,  and  then  DB  and  UC  act 
together;  an  outline  of  the  ship  is  to  be  drawn  around 
D' ,  headed  as  at  J?,:  or,  leaving  the  ships  in  their  places 
at  K^  and  R^,  we  may  transfer  the  forces  in  their  proper 
directions  so  that  the  point  of  application  shall  beat  the 
compass,  as  indicated  by  the  dotted  lines  RJi^,  Rfi^,  and 
^,.  "Rf.,. 

The  direction  of  these  lines — to  bow,  to  starboard,  to 
stem,  or  to  port — indicates  their  algebraic  signs;  see  Fig.  533. 

Measuring  the  various  lines,  we  have:  O/^' =  <l  =  1,014; 
p^=.p^'=+A.^-  +  .o97,  ■-.'£i  =  +.096;  DB=DB'^ 
-,i  93  =  -. 215.. -.93  =  -. 212;  D'C  =0'C'  =  +;.6=+.28o, 
.•.£  =  +.276.   

Laying  off  Rfi^-  +S  and  j^,5,  =C,Z= -95,  their  result- 
ant is  y?,Z  =  v'S)'  +  tS',  the  total  semicircular  force;  and 
URjZ  is  its  direction,  the  starboard  angle  a,  which  is  ex- 
pressed by  tan  <x  =  - ■  ^'■^ai  ;  the  sign  of  S  indicates  tha' 

the  angle  is  in  the  second  quadrant. 

Now  having  the  coefficients,  except  91  and  S,  which  are 
supposed  imknown,  proceed  to  construct  the  dygogram 
as  in  Fig.  533 :  lay  off  S)  =  -|-  .096  from  P  toward  the  north 
and  mark  the  end  D;  '^  is  the  radius  of  the  generating 
circle,  which  is  to  be  drawn;  from  D  lay  off  3  =  —,213 
toward  the  south  and  mark  the  terminus  B\  from  this 
point  lay  off  S  =  +.276  toward  the  east  and  mark  its  end 
JV — it  is  the  north  point  of  the  dygogram.  Draw  ND: 
it  cuts  the  circle  in  Q,  which  is  the  pole;  make  DS  =  ND. 
and  then  S  is  the  south  point  of  the  dygogram.  Through 
Q  draw  a  perpendicular  to  NS,  and  wc  have  the  east-and- 
west  line.     Lay  a  paper  circle,  graduated  to  degrees,  with 
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its  center  on  Q,  the  o*^ .  .  .  i  So^-diameter  on  NS  and  the 
90*  ,  .  .  2 7o°-diameter  on  the  E.-W.  line;  make  a  dot  at 
every  22°  30'  of  its  circumference  (or  at  every  11"  15'); 
in  reahty,  this  need  be  done  for  only  one  side  of  jV5,  but 
it  is  well  to  do  it  on  both ;  then  hnes  through  the  dots  on 
one  side  and  the  point  Q  should  pass  through  those  on  the 
other  side — it  is  a  test  of  accuracy.  The  rest  of  the  con- 
struction is  described  in  Art.  335  :  by  it,  we  obtain  the  six- 
teen magnetic  points  of  Fig.  533. 

Drawing  a  line  from  0  to  each  point,  its  length  is  (by 
the  scale  on  OX)  the  directive  force  on  the  compass  when 
the  ship  is  on  that  magnetic  heading,  and  the  intersection 
of  each  line  with  the  arc  UPV  indicates  the  deviation 
proper  to  that  heading. 

These  deviations  are  to  be  plotted  on  Napier's  Diagram 
— the  curve  traced — and  the  deviations  on  the  compass 
points  thence  derived  in  accordance  with  the  rules  of  Arts. 
332  and  333.  Having  done  this,  the  results  are  given  in 
Table  83. 

Table  S3. 
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,  for  approximately  determining  the  deviaiions  and 
Usating  the  compass. 
r  the  site  for  the  compass  has  been  chosen,  all  sub- 
;  observations  for  this  problem  are  to  be  taken  in 
tact  place  the  needles  will  occupy;  and  these  obser- 
I  should  be  made  with  the  utmost  care  and  only 
;  sliip  is  in  dock ;  they  are :  direction  of  the  ship 's 
r  compass,  ^ ;  a  time-azimuth  of  the  sun  by  same, 
sciprocal  bearing  upon  another  compass  on  shore  in 
t  free  from  magnetic  disturbance,  by  which  the  mag- 
netic heading,  C-  ""^y  1^  deduced,  and  thence  the  devia- 
tion, 5,  proper  to  that  heading;  the  time  of  ten  oscillations 
erf  a  small  horizontal  needle  in  the  spot  ashore,  and  also 

a  the  place  of  the  compass,  by  which  we  obtain  y-r,  =  ^  . 

The  coefficients  ?t  and  G  are  considered  zero,  and  % 
(Uid  i.  are  either  known  or  assumed. 

The  dygogram  Form  and  the  following  data  relative 
to  the  U.  S.  S.  Atlanta  will  be  used  for  constructing  the 
jproblem:   z' ^S.  i6°  30'  W.  =196°  30';   C  =  S.  35°  o'  \V:  = 

21S";      7=r!  =77  =  1-130;    1^  =  4-. 125    and    ^  =  .945     (both 


assumed) ;  then  7-77  =( )(i-i3o)  =1-19;  3  =  18°  30'  E, 

Referring  to  Fig.  534,  OX  and  01'  are  the  axes  to  mag- 
netic north  and  east  respectively ;  0  is  the  center  of  coor- 
dinates and  also  of  the  arc  L'P;  KK'  is  parallel  to  OY; 
0P=  I,  the  scale  of  lengths  divided  into  100  parts. 

To  construct  the  data :  with  P  as  a  center,  and  radius 
©  =  -|-.i25  of  scale,  describe  the  generating  circle,  cutting 
OX  in  D  and  D'.  Lay  a  paper  circle  graduated  to  degrees 
with  its  cardinal  diameters  on  OX  and  KK',  and  then  its  cen- 
ter will  be  on  the  point  P;  count  to  the  right  from  OX  the 
magnetic  heading  ^  of  the  ship — in  this  case  it  is  RVF  =  215" 
— and  mark  it  Z ;  draw  ZP,  and  through  D'  draw  a  parallel 
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FLB  to  ZP — it  is  the  keel  line  of  the  ship— her  magnetic 
heading;  this  line  will  always  cut  the  generating  circle  in 
another  point  L\  where  it  does,  draw  an  outline  of  the 
ship,  heading  in  the  direction  in  which  the  observations 
were  made. 

By  means  of  the  arc  PL',  lay  ofE  the  angle  POC  -  3  = 
18°  30'  E.:  if  west,  it  should  be  laid  off  to  the  left  of  0X\ 

make  OC  =  -r  .-jj- =  1.19;    thus  we  have  the  direction  and 

amotmt  of  the  force  acting  on  the  compass  for  the  heading 
of  the  ship. 

From  C  let  fall  a  perpendicular  CB  on_  the  keel  line 

FB:  then  LB  =  — 59  =  —  .220  of  the  scale  OP,  and  is  minus 
because  directed  toward  the  stem;  if  toward  the  bow  it 
would  be  plus;  and  i>C"=— S=  -.160.  and  is  minus  be- 
cause directed  to  port;  if  to  starboard  it  would  be  plus. 
The  starboard  angle  is  HTM  =  a,  and  is  measured  by  a 
protractor— laying  its  zero  diameter  on  the  keel  line  FB, 
and  counting  around  from  the  bow  toward  the  right :  it  is 
here  in  the  third  quadrant  because  both  SJ  and  E  are  minus, 

sin  «      ,       .  ,—  S 

ortana= ;  that  is,  «=  tan"' — s- 

cos  a  —ia 

Having  S  and  6,  take  a  blank  dygogram  Form,  and 
from  the  point  P  lay  off  the  assumed  value  of  3)  ==  +.125 
toward  the  north,  and  mark  the  end  D ;  from  D,  lay  off 
ffl  =  -  .220  toward  the  south  and  mark  the  end  B;  from  B 
lay  off  S  =  —.160  toward  the  west  and  mark  the  end  A^ — 
it  is  the  north  point  of  the  dygogram.  With  P  as  a  center 
and  2)  as  a  radius  draw  the  generating  circle.  From  N 
draw  ND  and  prolong  it,  making  DS^ND;  then  5  is  the 
south  point  of  the  curve:  where  this  line  cuts  the  circle  a 
second  time,  as  it  will,  is  the  pole  Q  of  the  dygogram. 

A  figure  is  not  supplied  for  the  construction  just  de 
scribed,  because  the  dygogram  form  of  Fig.  533  will  illus- 
trate it.     The  remainder  of  the  construction  is  identical  with 


GFAPHtC  METHOOS, 

that  described  in  Arts.  335  and  336;  and  the  procedure  of 
obtaining  the  deviations  and  force  on  each  magnetic  point 
and  of  ascertaining  the  equivalents  for  compass  points  is 
given  in  Art.  337. 

While  in  dry  dock,  observations  of  the  kind  stated  in 
this  article  may  be  made  in  different  parts  of  the  ship.  S 
and  G  thence  deduced  for  each,  and  a  comparison  of  all  the 
values  thus  found,  will  indicate  the  spot  most  suitable  for 
the  compass. 

The  relative  vertical  force  at  each  place  can  be  deter- 
mined by  oscillating  a  Dip  circle  needle  both  in  the  spot 
ashore  and  on  board :  and  such  sets  should  be  used  jointly 
with  those  of  the  horizontal  needle  to  determine  the  site 
for  the  compass. 

340.  To  find  A  by  coEstructioD. — This  is  the  geometrical  ' 
solution  of  formula  (258),  p.  944;    and   to  some  extent  it 
is  the  converse  of  the  procedure  of  the  last  article :  there, 
>i  was  either  known  or  assumed,  and  the  coefficients  de- 
duced— here,  the  latter  are  given,  and  the  former  found. 

The  following  data  relative  to  the  steering  compass  of 
the  U.  S.  S.  San  Francisco  will  be  constructed  on  the  dy- 
gogram  Form:  S  =  —-233  ;  E=  +,085;  %  =  -[-,290;  i?(  =  - 
.007;  e  =  -|-.ooi;;  :=-N.  38°  30'  W.=32i"'  30';  5=4"  o'  W.; 

^   r     H' 

and   j7j  =  -77  =.728. 

3r  and  @  have  opposite  signs  and  almost  equal  value — 
they  would  therefore  cancel  in  any  dygogram  construction: 
9(  does  not  enter  the  formula  of  this  problem,  but  ®  does; 
yet  it  is  so  small  that  in  any  event  it  would  scarcely  affect 
the  result. 

The  dygogram  Form  has  been  explained  in  Art.  339; 
and  the  construction  of  the  data  on  it  is  as  follows — Fig. 
535  :  with  P  as  a  center  and  2)  =  +.290  as  radius,  describe 
the  generating  circle,  cutting  the  magnetic  meridian  OX 
in  D  and  D'.     By  means  of  a  protractor  lay  down  the 


THE  DYGOGRAM:    TO  FIND  Jl 


i003 
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given  magnetic  course  ^— it  is  the  angle  RVF  around  each 
of  the  points  P  and  D':  from  D'  draw  D'B  in  the  direction 
of  the  ship's  keel  and  where  it  cuts  the  circle  at  L,  draw 
an  outline  of  the  ship,  headed  on  the  given  course  N.  38°  30' 
W.  =321°  30' =1;  =/^FF;  L  is  the  location  of  the  steering 
compass ;  from  this  point  lay  off  LB  =  —  SB  =  —  .233,  accord- 
ing to  the  scale  OP,  toward  the  ship's  stem,  because  S8  is 
minus;  if  plus  it  would  be  laid  off  from  L  toward  the  bow: 
from  the  point  B  lay  off  ~BC  =  +6=  +.085  to  starboard. 
because  S  is  plus;  if  minus  it  would  be  laid  off  from  B  to 
port.  Draw  OC — it  is  the  total  force  acting  on  the  com- 
pass for  the  heading  N.  38°  30'  W.,  and  its  direction  is 
seen  to  be  4°  W.,  that  is,  the  deviation  on  the  given  course: 

the  length  OC  is  .94  by  the  scale  OP ;  and  since  OC  =  -r  .  -jr, 
therefore,  after  substituting  the  above  values  in  this  equa- 
tion, we  have  ^=;^-^  =(-7=8)(-^)  =-774:  by  com- 
putation, using  formula  (258),  X  was  found  on  p.  945  to  be 
.772,  differing  by  only  .002  from  that  here. 

341.  To  compute  the  position  of  tlie  pole  of  the  dy|;o- 
gram,  and  deduce  the  equation  of  the  curve.  ^Reproducing 
such  portion  of  Fig.  531  as  is  needed  for  the  present  pur- 
pose, we  have  it  in  Fig.  536,  with  the  points  that  are  iden- 
tical in  both  figures  designated  by  the  same  letters.  From 
eqs.  {77)  and  (83),  pages  87i-'7a,  we  have 


tan  a  =^  ,     or     a  =tan" 


(367) 


In  Fig.  536,  5S. a,  and  Bjf -5,  hence 


BDN-LDQ~a 


(368) 


(369) 


d 
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and  AE-@,  and  ED=^,  hence 

ADE  =  ALE=MAL=^.  .     .     .     .  (370) 

By  the  figure.  MAQ'-LAQ-MAL.      .     .     .  (371) 

By  Geom.,  LAQ^sLDQ  =  2a {372) 

Whence,  MAQ  =  2a-fi (373) 

Therefore  in  constructing  the  dygogram,  after  drawing 
the  generating  circle,  draw  a  parallel  to  OX  through  the 


Fio.  536. 
point  A ;   from  the  point  M  where  the  parallel  cuts  the 
circle,  lay  off  the  angle  MAQ  equal  to  the  second  member 
ot  (373),  and  we  have  the  pole  Q.    When  8  and  ®  cancel, 
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or  SO  small  as  to  be  negligible,  then,  by  (368), 
73)  becomes 

MAQ  =  2a.  ......  (374} 

ce  the  equation  of  the  dygogram,  let 

p  =  m^^DB^^  BN^ = N/SP  +  e*.     .     .  (375) 

5=AO  =  V'£D'  +  A£"'-v'3)'+S*.    .     .  {316) 

ice  QAF  '\&  a  diameter  of  the  circle,  QHF  is,  by  Geom,, 
angle,  whence 


Qf 


QH^QF.  COS  FQH.  .     (377I 


By  the  Fig.:  AD-=AF.and  GF-2.AF  =  2g;  .     .  (378) 

QZ=HZ^QH;  .     .     (379);     FQH^DQH-FQD;  (380I 

and        ADQ'=AQD=FQD~EDQ-EDA'-a-^.  (3S1) 

By  the  principles  of  the  dygogram,    DN  =HZ  =p,    .  (382) 

and                                     DQH  =  c, (383) 

whence,  substituting  these  several  quantities  in  (379),  we 

have                    QZ^p  +  2q. Cos  (C-«+^),     .     .     ■  C384) 

which  is  the  polar  equation  of  the  dygogram :  the  quantities 
of  the  second  member  are  known,  except :; ;  and  by  assigning 
different  values  to  this,  that  is,  successive  headings  for  the 
ship,  corresponding  values  of  QZ  may  be  computed  and 
from  them  the  dygogram  traced. 
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343.  Tbe  downward  pall  on  the  Compass — Sbip  on  an 
even  keel. — In  a  former  chapter  the  total  magnetic  force 
acting  on  the  compass  was  conceived  to  be  resolved  in  three 
directions  as  regards  the  ship — longitudinally,  transversely, 
and  vertically:  analytical  expressions  were  found  for  each, 
and  those  to  bow  and  starboard — in  the  horizontal  plane — 
have  been  treated ;  that  toward  tlie  keel  will  now  be  inves- 
tigated. Its  fundamental  formula  is  {96)  of  Art.  301, 
'  which  is  reproduced  here  and  given  number  (385)  of  the 
regular  sequence : 


Z      tanfl 


h 

tan  0 


(385} 


The  symbols  of  this  have  been  defined  in  Arts.  297  and  298. 

Z' 
In  any  locality  the  value  of  -A  will  vary  with  the  heading 

of  the  ship:  if  she  be  put  on  two  diametrically  opposite 
magnetic  courses,  or  on  4,  8,  16,  or  32  equidistant  magnetic 
points,  the  terms  of  (385)  containing  the  functions  sin  ^ 
and  cos  .;  will  disappear  in  the  summation  of  the  obser\'a- 
tions  made  on  such  points,  as  explained  in  Art.  296,  par.  [6] ; 
and  thus  (385)  will  reduce  to 


i+fe  + 


-^- 


(386) 


ioo6  ---    —     -   ^ 

o''^*J'  --^ST.    -  -T^  -_=^    :  -:•=  -^-ical  force  of 

"""  r:. — :=::=    ^^^       —  ^-:n     '"^rtici.!  component. 

-  -iiii  ^e  have 

-     .     .     (387) 


•  -■* 


-     .-?=-  — : — ■'^        — ^^~:"^'^:rTr.g  the  mean 

-::.       '      ■'       -  -=-^~  "-'  -e  composed 

Sii  -^      —      _!"-     -    Z-:      —.1   ::  :he  Earth 

a  rigl  -^      — rr^c     .  li-i:^^  :^--:t.'»:c.i  to  have 

_■         -—  -  ---r  ^         "  IT  r^r:*  ::  transient 

^  — _  ~  '^     -T-    ■^.     r  the  effect  of 

^»c=^-:         -"-    — ^      ^""rr     :S-    we  have 

Bv  1 

_  '  .  -      -  -  ■     .     .    (388) 

and  -        ^     -„•:':    rit  : :  S:th  hard 

By  tilt  .    ^  :    :^.  ^    .     r,Sq) 

and 

whent' 

have 

which  i  .-..-■:    ::  :.— s  of  the 

of  the  ^« 

difTereii                      ""'^  ^     g^n*^  .eticun  ▼ien  the  ship 

ship,  c.                           ^  -^^     •=    .— .■^::':rcethatis 

from  11  ;■           -*-"     ""  -      v- -^^.    v^-ever  the 

— '  -      -.T    ■•  '^    r  Vris.  Other 

.   .      ^         ■•■I    ::'     .ivtion. 

■^  -   --c--     ■:^  .■■';'::s  of  rolling 

-.—  -  ,^-^  -   ■  ■-       "■-  .-'-—heeling, 

-^       —»-*■"*       ._.         .._-  --t  vt nod  of  the 


-     .     (300> 
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^compass,  will  render  it  very  unsteady,  with  no  remedy  but 
(compensation — the  other  may  cause  large  deviations,  but 
no  oscillation;  and  these  deviations  can  be  observed  and 
tabulated,  as  well  as  entirely  avoided  by  compensation. 
On  both  accounts,  therefore,  it  is  almost  essential  to  coun- 
teract the  effects  of  the  nether  pole  of  the  ship  as  expressed 
by  eqs.  (388}  and  (390) :  we  thereby  avoid  the  oscillation 
due  to  rolling  and  the  deviations  due  to  heeling. 

A  ship  heels  or  is  permanently  hsted  under  press  of  can- 
vas, or  from  unequal  stowage  of  the  weights  on  board ; 
she  rolls  from  motion  of  the  sea:  it  is  only  the  effect  of  a 
steady  list  that  will  be  considered  in  this  chapter. 

Two  terms— the  Heeling  Error  and  the  Heeling 
Coefficient— will  now  be  defined.  When  a  ship  on  an 
even  keel  is  completely  swung,  a  table  of  deviations  is 
obtained  for  every  compass  point;  if,  without  changing 
anything  on  board — otherwise  than  hsting  her  to  a  per- 
manent angle  to  either  side  by  the  movement  of  «o«-mag- 
netic  material — she  be  completely  swung  again  and  obser- 
vations made  on  the  same  compass  points,  another  series 
of  deviations  will  be  obtained:  the  difference  between  the 
two  series — ^listed  and  upright— constitutes  the  Heeling 
Error  for  each  compass  point  for  that  particular  angle  of 
heel ;  and  this  error  varies  with  the  angle  of  heel. 

Let  8„  denote  the  deviation  on  any  compass  point  ^ 
•  when  the  ship  is  upright;  Si  the  deviation  on  the  same 
compass  point  when  the  ship  is  inclined  to  one  side  by  an 
angle  (';  andXet  J  he  the.  Heeling  Coefficient :  then 


3,-3, 
cos  ^'' 


(391) 


"hat  is,  J  expresses  the  heeling  error  for  one  degree  of  inch- 

Ination  on  the  course  q'  in  (391);    therefore  the  product/. i 

s  the  heeling  error  for  any  angle  of  heel  (0  on  that  course. 
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In  Fig.  444  the  sources  of  disturbance  of  the  compass 
are  represented  by  soft-iron  rods  and  magnets  with  the 
ship  on  an  even  keel :  in  Fig.  53  7  she  is  heeled  to  the  angle  1, 
and  all  the  rods  and  magnets  are  inclined  by  the  same 
amoimt.  With  the  ship  upright,  the  Earth's  horizontal 
and  vertical  components  induce  transient  magnetism  in 
the  soft  iron  lying  in  their  directions;  but  heeled — and 
the  iron  correspondingly  inclined— the  value  of  the  Earth's 
components  in  the  direction  of  the  iron  must  be  found  in 
order  to  ascertain  their  magnetizing  power:  then,  as  the 
compass-card  is  constrained  to  move  in  a  horizontal  plane 
by  reason  of  its  suspension,  the  forces  that  act  upon  it— 
the  effects  of  the  rods  and  magnets— must  be  resoK'ed  into  t 
that  plane  from  the  inclined  position  of  the  deck,  and  into 
the  vertical  from  the  line  toward  the  keel. 

The  following  symbols  that  enter  the  investigation  will 
be  defined — they  are  illustrated  by  solid  and  dotted  lines 
in  Fig.  537;  A*  and  V  represent  the  magnetic  force  of  the 
Earth  alone  in  the  horizontal  plane,  X  toward  the  bow 
and  Y  toward  the  side;  Z  is  the  corresponding  vertical 
force;  Yi  and  Z,-  represent  the  force  of  the  Earth  alone  in 
the  inclined  directions  of  the  deck  and  of  the  line  toward 
the  keel ;  there  is  no  distinctive  value  of  X  corresponding 
to  these,  for  the  ship  heels  around  A'  as  an  axis,  so  that 
Xi  and  A'  are  identical ;  V'/  and  7,'  are  the  combined  forces 
of  Ship  and  Earth,  the  first  along  the  inclined  direction  of 
the  deck  toward  the  side,  and  the  last  toward  the  keel: 
X'  and  V  represent  the  combined  force  of  Ship  and  Earth 
in  the  horizontal  plane,  A''  toward  the  bow  and  V  toward 
the  side;  Z'  is  the  corresponding  vertical  force. 

To  resolve  the  horizontal  and  vertical  components  of 
the  Earth  alone  into  the  inclined  directions  of  the  deck  and 
toward  the  keel,  consider  Fig.  538;  OL=Y  and  OF~Z, 
and  we  have  to  determine  their  values  V,-  and  Z,-. 

From  the  figure       OT=OL. cost; (39J) 
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t4^ 


IC 


~::aJ/:, 


■        ■ 

'393) 

■=OS=~F  s-^-:; 

395) 

-Z.sin; 

.^96; 

:^?j) 

.i.-th  alone  —  I'r.t 
'  eqs.  r3o.:.     .^r_  i 
i  J.  ii,  ^  are  cj.ri: 

iirec- 

■  •         m 

^e.  to 

>k^ 


:.■■:  Vy  the  Earth's 
:.'■:  O'.nitrary,  are 
•.  ■":.!  ::-.nv  I.k*  mag- 
^^  -  by  eq.  ijgoj; 
■-  :  -'/  and  will  be 
.><v-.:  :\veq.  (y)-;), 
■-   rLl-^rosontativos 

;-  -^xosx  r., /,. 

■^-^':::.  that  is.  all 
'•■  ::i  these  axes: 
:r::jal]v. 
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Recalling  the  definitions  above  given  of  V/  and  Z/,  let 
the  former  be  represented  by  Oq  and  the  latter  by  Or, 
Fig.  539.     Then 


0(f  =  Yi' .  cos  i 


(398);  and  Oqf'^qcf^Vrsmi.    (399) 


Or'  =  rr"  =  Z/ .  sin  i    (400) ;  and  Or"  =  Z/ .  cos  i\ 


(401) 


whence 


y  =  O9' -  Or' =  y/.  cos  i -Z/.  sin  i.   .     .     (402) 
Z'  =  Og"  +  O?'  =  y/ .  sin  i  +  Z/ .  cos  i.      .     (403) 


Fig   539. 

As  Yi  and  Zi  embrace  the  effects  of  both  hard  and  soft 
iron,  their  joint  resolution,  just  performed,  will  be  equally 
applicable  to  the  effects  of  each  resolved  separately;  and 
by  reference  to  Art.  296  it  will  be  seen  that  the  process  by 
which eqs.  (396),  (397),  (402),  and  (403)  have  been  obtained, 
may  be  either  purely  mathematical — the  transformation  of 
coordinates,  or  according  to  the  principles  of  mechanics — 
the  resolution  of  forces:  in  either  case,  certain  values  are 
given  in  one  system  of  axes  and  their  equivalents  in  another 
S3rstem  are  required. 


'  IOI4 
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With  the  ship  upright  the  combined  magnetic  force  of 
Ship  and  Earth  acting  on  the  compass  was  expressed  by 
the  following  equations,  reproduced  from  Art.  300,  with 
their  numbers  there: 


(86) 
{87) 
(88) 


X'=X  +  a..Y  +  fe-r  +  <:.Z  +  F.      To  bow. 

y'  =  K+rf..Y  +  ^.l'  +  /.Z  +  G.       To  side. 
Z'  =Z\g.X\'h.Y ^k.Z^R.       To  keel. 


But  with  the  ship  heeled— Fig.  537 — ^the  new  values  of 
the  inducing  force  of  the  Earth,  expressed  in  eqs.  {396) 
and  (397},  must  be  introduced,  instead  of  Y  and  Z,  in  {86}, 
(87),  and  (88),  whence  these  become 

X'-X+o.A'  +  fcV'.+c  Z(  +  P.  To  bow.  .  .  U04) 
F/=yi  +  rf-A'  +  e.i\+/.Z;  +  (?.  To  side,  hsted.  uoS) 
Z.'=Z,  +^..V  +  ;j-r.  +  A'.Z.  +  K.    To  keel,  listed.     (406) 

Multiplying  (405)  throughout  by  cos  i  and  {406}  by  «« i, 
and  then  subtracting  latter  from  former,  we  have  by  means 
of  (402) 

y'=[y.-i-<i-X+e.ri+/.Z(+0]cosi 

-[Z,+g.A'  +  ;i.yi  +  ft.Z.  +  /?]sini.     (407} 

Similarly,   multiplying  (405)   by  sini  and   (406)  by  cosi, 
and  adding  the  results,  we  have  by  means  of  (403) 

Z'=[Zi+fi.A'  +  ;(.1';  +  ;t.Z,  +  7?]cosi 

+  [yi  +  d.A  +  e.yi  +  /.Z,  +  G]sini,    (40S) 

Substituting  in    (404),  (407),  and    (408)  the  values  of 
y,-  and  Zi  from   (396)  and   (397).  and  then,  since  sin'* 
+  cos'  i  =  \,  replacing  cos'  i  wherever  it  occurs,  by  (i  —  sin*t) 
we  have 
X'-X  +  a.A  +  {b.cos/-(-.sinj)y 

+  Cc.cosi  +  i.sin  t)^  +  P.    (405) 


(410) 


(411) 
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V''  =  y+  id. cos  t  — g.sin  )|  A' 

+  k— (/  +  M(cos  i,sini)-C^  — '^)(sin*»)|  1' 
+  |/+(e-fc)Ccosi.siiiO-{/  +  'i)(sin'i")!Z 
+  IQ.cos  t  — R.sin  (| . 

Z'^Z+  \g. COS  i  +  d. sin  i\X 

+  \h  +  {e ~ k) (cost  sin  i)~(j  +  k) (sin' i)\  Y 
+  \k  +  (J  +  h){cosismi)  +  {e~k){sm^i}iZ 
+  \R. cos  i  +  Q. sin  H  . 

These  three  equations  express  the  forces  acting  on  the  com- 
pass with  the  ship  heeled — (409)  and  {410)  in  the  horizontal 
plane,  the  first  toward  the  bow,  the  second  toward  the  side : 
{411)  gives  the  vertical  force;  as  this  last  is  rendered  inef- 
fective on  the  compass  by  its  suspension,  it  is  therefore  only 
(409)  and  {410)  that  produce  deviation  when  the  ship  is 
heeled,  and  of  these,  (410)  is  the  principal,  (409)  acting 
but  a  minor  part. 

If  we  designate  by  the  subscript  ,■  the  various  rods  and 
magnets  in  their  inclined  positions  in  Fig.  537,  the  equiva- 
lent of  each,  represented  by  rods  and  magnets  set  hori- 
zontally and  vertically  will  be  the  quantities  within  paren- 
theses and  small  brackets  in  (409),  (410),  and  (41 1);  that  is, 

ai-a (412) 

since  it  is  in  axis  of  X,  and  does  not  become  inclined. 

bt=b. cos  I  - f . sin  ( 

c,  =  c .  cos  I  +  6 .  sin  I 

di=d. cos  I  —  g . sin  i 

ei  =  e—  [f  +  h)(cos  i  sin  0  — {^  — ^)(sin*  ('),  . 

/.■  =/+  (^-*){cos  i  sin  0  -  if  +  h){sin'  i).  . 

g,  =  g . cos  i  +  d.sini, 

hi=h  +  {e  —  k){cos  i  sin  i)  —  (/-l-/i)(sin'  j),  . 
^  kt=k  +  (j-\-k)  (cos  i  sin  0  +  (^  -  ^)  (sin'  i),  . 
I^B        Pi=P. 


(413) 
(414) 
(415) 
(416) 
(417) 
C418) 
(419) 
(430) 
(421) 


J  S. 
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since  it  is  in  axis  of  A',  and  does  not  become  inclined. 

Qi  =(3 -COS  I  — /?.sin  ( (422) 

/;i  =  /^,cos  i  +  (3-sinV (423) 

Substituting  the  first  members  of  (412)  to  (423)  in  eqs. 

{409),  (410),  (411)  these  become 

A"'=A'+a,-..V  +  6,.y+c,-.Z  +  P,-.     .     .     (414) 

r'  =  r+d,.A+r,.r+/,-.z+G,-.    .    .    (42s) 

Z'  =  Z  +  g,  A'  +  /i , .  Y  +  ki.Z  +  Ri.     .     .     (416) 

And  they  are  of  the  same  form  as  eqs.  (86),  (87).  and  (88). 
As  the  magnetic  coefficients  are  directly  dependent  on 
the  soft-iron  rods  and  magnets,  they  will  vary  with  any 
change  in  these:  the  coefficients  representing  the  condi- 
tions with  the  ship  heeled  will  now  be  deduced  by  substituting 
the  new  values  of  (412)  to  (423)  for  the  old  coefficients  in 
eqs.  (110)  to  (117),  Art.  301.  From  eq.  (110),  p.  879,111 
connection  with  (412)  and  (416)  above,  we  have 

(/-|-/t}cost"sini'     (.e  —  k)  sin'i" 


=  i+- 


Ut  +  e, 


-  =  '+- 


e-k 


(427) 


From  (113),  p.  879.  and  (413)  and  (415)  above, 
di  —  bi      /d~b\         .     /c  —  e\,     , 


^.?1, 


=  ^ .  ?I .  cos  )■  +  I 


^^ 


From  (116),  p.  879,  and    (414)   above, 
I  —  versin  i. 


ii-'^. 

p                                       p 

=  c,,tan  C+-7y  =('"cosi  +  t.sin  ))  tan  ff-|-  ,;,  c 

-l,.s. 

=  fc,sini.tan  fl -he tan  iS-c. versin  »". tan  tf  +  ^ 

=  A.?1 -J- |fc. sin  i-c. versin  (|  tan  ff. 

(4>8) 


(4'9) 
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From  (117),  p.  879,  and  (417)  above,  and  since  tan  ^="1/, 
we  have 

;.-.a;i=/v.tan^+^* 

f" / . tan  0-\-\{e-'k) (cos  i sin  i)  "1 

_  I  O  7?  I 

I  —  (/+/i)  (sin*  i)  \  tan  O  +  jf-  cos  i — -77 .  sin  i     I ' 


or 


>li.6i  =  ;.(£+  j  (^-ife)(cos i sin  i) - (/+/t)(sin' i) 

—  y  .  sin  i  >  tan  ^  —  it  versin  i.     (430) 
From  (114),  p,  879,  and  (412)  and  (416)  above,  we  have 


Xi.^i  = = +  ( I  cosi  smi  +  l I  sin'i,  or 

^i.2),  =  -i.S)  +  f j  cos  i  sin  i  +  ( j  sin'i.     (431) 

From  (115),  p.  879,  and  (413)  and  (415)  above 

di  +  bi     6. cos  i  — c.sin  i  +  d. cos  i  —  g.sini 


>li.ei  = 


2  2 


=  -^.(S.cosi— f jsini.       .     .     (432) 

From  (387),  p.  1008,  and   (420)  and  (423)  above,  we  have 

r^         (  1  +k  +  (f  +  h)(cosi sin  i) 

+  {e  —  k) (sin* i)  +y  ' cos i+y. sin  t 


fii^i+k,  +  Y  =  ^    .  ,^     L.x/_.„,..x  .  ^    „_,.  .  Q  _..  ..  S  or 


fii=^ pi  +  (f  +  h)  cos  i  sin  i+(^  — fe)  sin'i 

R  .     .      Q.sint        .       . 

-^.versmt+^y^^^.     (433) 

Eqs.  (427)  to  (433)  give  the  altered  values  of  the  mag- 
netic coefficients  due  to  heeling,  in  their  complete  exactness. 


r 
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pproximate  values  of  the  Coefficients  relating  to 

leeled. — The  standard  compass  is  usually  placed 

k  midship  line — -axis  of  A',  Fig.  444:    as  a  rule,  the 

'  ..on  is  sjinmetrical  with  reference  to  this,  so  that  its 

one  side  will  wholly  or  nearly  counterbalance  that 

-  '     er  when  the  ship  is  on  an  even  keel ;  this  reduces 

id  h  to  zero,  since  they  represent  preponderance  of 

.^n  on  one  side  or  its  «)isymmetrical  disposition. 

Moreover,  as  %  and  (S  depend  directly  on  h  and  A— 

eqs.  (113)  and  (115),  p.  879^these  coefficients  also  reduce 

to  zero;  and  hence  the  terms  of  (427)  to  (433)  containing 

them  disappear.     This  simplifies  the  equations,  but  the 

process  may  be  carried  further. 

A  ship  would  seldom  have  a  steady  list  of  more  than 
ia°;  the  value  of  this  in  parts  of  radius  is  .218;  its  sine  is 
.208;  sine',. 043;  and  cosine,  .978;  therefore,  without  com- 
mitting very  much  error,  we  may  replace  sin  /  by  (';  make 
sin'i'=o;  versini=o;  and  regard  cosi  =  i.  Introducing 
these  conditions  into  {427)  to  (433)  they  become 

h->. (434) 

-         «'-+('Ti-)<>) M 

8i-!8 (43« 

S,-S+i(e-t--|)(.-)(tan»).     .     .    (437) 
Ei-S (43«) 


(<■) (439) 


--(!)© 
j<'- 


(<■) (44») 


-^j(tane);      ....    (441) 
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theneq.  437  becomes 

6,  =  G +  (/)(!■) (44a) 

These  are  the  approximate  coefficients  relating  to  the  ship 
heekd :  if  the  list  is  more  than  1 2°,  larger  errors  will  result 
from  their  use ;  if  less  than  12°,  smaller  errors. 

In  (434)  to  (442)  the  angle  »  is  expressed  in  parts  of 
radius,  not  degrees. 

345.  Computation  of  the  devLations  due  to  heeling,  and 
analysis  of  the  formula  therefor.  — The  object  of  Arts.  343 
and  344  was  to  provide  formulas  by  which  the  deviation 
due  to  heeling  could  be  computed:  they  are  supplied  in 
two  sets — eqs.  (427)  to  (433),  which  are  exact;  and  (434) 
to  (442),  which  are  approximate.  Both  sets  afford  values 
of  the  coefficients  with  the  ship  heeled,  and  the  substitution 
of  these  in  any  of  the  formulas  for  computing  the  deviations 
will  give  the  deviations  due  to  heeling,  just  as  the  substi- 
tution of  the  coefficients  applicable  to  an  even  keel  would 
give  the  deviations  proper  to  that  condition. 

For  instance,  they  might  be  used  in  eq.  {120),  p.  880, 
and  the  heeling  deviation  thence  computed  by  means  of  its 
tangent;  or  in  {328),  p.  965,  and  it  obtained  by  means 
of  its  sine.  The  latter  will  be  employed,  and  is  reproduced 
here,  with,  however,  the  angle  itself  (5)  substituted  for  its 
sine. 

Let  d^  denote  the  deviation  with  the  ship  upright,  and 
9i  when  heeled,  on  the  same  compass  course,  ^ :  then  from 
eq.  (338)  we  have  for  each  condition 

8,  (i-55.cos2C')=9[  +  ®sin  C'  +  S.cosc' 

+  !I)  .sin  2C'  -(-©.cos  2lf.     (443) 
di  (i-S(.cos  2^;')  =?(,  +  ©,-. sin  C'+S,-.cos  z' 

-j-Di.  sin  2^'-fGi.cos  2^'.     {444} 

Substituting^  in  (444)  the  values  of  9t,',  SB;,  etc..  from 
(434)  to  (442  j,  there  will  occur  in  (444)  some  terms  identical 


le  terms  identical  J 
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with  others  in  (443) ;  subtracting  the  latter  from  the  former 
will  cause  all  such  terms  to  disappear:  of  the  remaining 
terms,  those  containing  91  and  (£  will  reduce  to  zero  because 
of  the  hypothesis  in  Art.  344,  and  the  terms  -  5, ,  3^ ,  cos  sC* 
and  +5„.3).cos  2^  may  be  considered  close  enough  in 
value  to  cancel ;  then  the  following  is  the  final  result: 

»i -«.-  + (^)  (j)  +  7  («-«'- f)  (ton  «)  (i)  cos  c' 

-(^)(t)""-"-   '"«' 

By  means  of  (441)  this  becomes 

^■=^^''  +  (^)^'^+-^'-™^^'^("^)''^^''''^^^''-       ^446) 

Substituting  for  cos  2^'  its  equi\'alent  (cos'  c'  — sin'  ^), 

and  multiplying  the  termj  I — 7-){')  fby(sin'^+cos'c'=i). 

eq.  (446)  becomes,  after  rearranging  its  terms  and  cancelling, 

^.=^i.+7.».cos  C'  +  T  -I  sin'  c'-T-*cos'  j'.     (447) 

And  this  is  the  complete  expression  for  calculating  the 
heeling  deviation,  using  the  approximate  values  of  the 

coefficients:  it  is  composed  of  the  deviation  when  upright, 
(5^),  and  three  other  terms  whose  nature  will  now  be  stated. 


In  the  term  j 


'  ^  j  the  factor  g  alone  requires 


consideration.  Fig.  537  shows  that  it  represents  soft  iron 
parallel  to  the  axis  of  A',  above  or  below  the  compass- 
generally  below,  such  as  the  keel  or  propeller  shaft ;  it  will 
therefore  have  greatest  effect  when  the  compass  is  near 
the  bow  or  stem  and  when  the  ship's  head  iR  north  or  south; 
for  with  the  first  condition,  the  compass  will  be  near  the 


PRACTICAL   fORMULAS, 

pole  of  g,  and  with  the  second  the  pull  will  be  at  right 
angles  to  the  needle;  on  the  other  hand,  g  will  have  little 
effect  when  the  compass  is  placed  near  the  middle  of  the 
ship,  and  none  at  all  when  she  heads  east  or  west,  for  then 
opposite  polarities  extend  along  the  sides  of  the  iron — 
equal  in  amount  at  each  end — and  therefore  ineffective. 
The  influence  of  g  is  seldom  very  great;  but  even  at  its 
utmost — ship's  head  north — ^it  rapidly  diminishes  by 
diange  of  course,  on  account  of  the  factor  cos*  ^'. 

In  the  term  I  +-j  .i.sin'  !^'\  only  the  effect  of  c  need  be 

examined.  It  represents  vertical  soft  iron— such  as  the 
smoke-stack— in  the  midship  line.  By  Fig.  537,  when  the 
ship  heads  north  or  south,  the  pull  of  c  is  in  the  direction 
of  the  needle,  and  without  avail;  but  heading  east  or  west, 
it  is  at  right  angles  to  it,  and  has  a  maximum  effect;  the 
degree  of  this  depends  on  the  proximity  of  the  compass  to 
the  pole  of  the  iron  c  represents :  of  course,  it  may  be  placed 
so  near  the  upper  end  of  a  smoke-stack  as  to  be  completely 
dominated  by  it ;  but  such  sites  would  naturally  be  avoided. 
The  term  (4-/ .I'.cos  c')  is  the  most  prolific  source  of 
the  heeling  error ;  for  a  fuller  view  of  its  composition,  its 
equivalent.  (441),  will  be  put  under  the  following  form  by 

replacing  the  angle  i  by  its  sine  and  substituting  -r,  for  tan  & : 


(  g .  Z  ■  sin  i    k  Z  sin  i    H .  sin  t"  \  , 


(448) 


Referring  to  Fig,  537,  the  part  (^.Z.sin  1)  of  eq.  (448)  rep- 
resents the  effect  of  transverse  soft  iron  (e) — such  as  beams, 
a  superstructure  deck  or  bridge;  the  part  {  —  k.Z .sin  i) 
represents  the  influence  of  si^ft  iron  (k)  directly  above  or 
below  the  compass — such  as  stanchions  on  the  gun-deck; 
the  part  (V? .  sin  i)  stands  for  the  heeling  force  of  permanent 
^jnagnetism  in  the  hull  when  this  is  Usted  to  the  angle  i:  all 
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three  terms  represent  action  against  a  directive  force  X.H, 
and  by  observing  the  location  of  their  sources  in  Fig,  537, 
it  will  easily  be  seen  that  their  effect  is  a  maximum  with 
the  ship 's  head  north  or  south,  and  zero  when  it  is  east  or 
west;  and  this  is  otherwise  apparent  by  the  fact  that  cos  ;' 
is  a  factor  of  all  three  terms  in  eq.  (448),  for  cos  0°  and 
i8o°  =  i;  and  cos  90°  and  270°  =0. 

346.  Various  forms  of  the  equation  for  /,  and  special 
use  of  each. — Eqs,  (445)  to  (448}  are  useful  chiefly  for  ex- 
hibiting the  separate  sources  of  the  heeling  error;  they  are 
varied  forms  of  the  same  equation  for  computing  d,-,  but 
up  to  this  stage  of  the  subject  are  not  available  for  numer- 
ical calculation,  t)ecause  some  of  the  quantities  are  not 
known. 

Considering  for  the  present  that  c  and  g  are  known  (as 
the  means  of  making  them  so  will  be  supplied  in  the  next 
article),  there  remains  only  the  coefficient  _/  to  be  deter- 
mined, and  then  eq.  (447)  becomes  available  for  practical 
use. 

Reproducing  (441),  changing  all  the  signs,  and  rearrang- 
ing the  terms,  we  have 


-/  = 


^(-^)(tane)J-h- 


iO)K    {449) 


The  minus  sign  indicates  that  the  force  /  is  exerted  in 
a  direction  opposite  to  the  heeling  of  the  ship — tliat  the 
north  point  of  the  compass  is  drawn  toward  the  high  side: 
what  its  actual  sign  will  be  in  any  given  circumstances 
depends  on  the  signs  of  the  quantities  in  the  second  member 
of  (449).     From  eq.  (308),  p.  957,  we  have 

-e  =  i-k^k.% (450) 

and  from  (387),  p.  1008, 

R 


^-f^-f- 


C4SI) 


h 
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Substituting  these  values  in  (4+9),  it  becomes 


-/ 


■('3!+4 


^)' 


(4S=) 


The  coefficient  3)  is  deduced  from  a  table  of  deviations; 
X  and  /I  are  obtained  by  oscillation  experiments  with  hori- 
zontal and  vertical  needles  respectively,  and  0  is  found  on 
a  magnetic  chart:  thus  all  the  quantities  of  the  second 
member  become  known  with  the  ship  upright,  and  the  privi- 
cipal  term  of  the  heeling  deviation  may  thence  be  computed 
by  (452)  wilhout  actually  listing  the  vessel. 

The  second  members  of  (449)  and  (452)  are  made  up  of 
Z 
two  distinct  parts ;   replacing  tan  ff  by  77-  in  the  former,  and 


equating 

Uke  terms  of  both  the  second  members, 

we 

have 

(- 

-f4)- 

=  (-'.- 

ijtan  6.    . 

(453) 

(- 

I.H    )-\    i 

-  jtan  0.   .      . 

(454) 

By  (453)  the  horizontal  induction  in  soft  iron  (e)  may  be 
computed;  and  by  {454)  the  vertical  induction  in  soft  iron 
and  permanent  magnetism  (that  is,  k  +  R)  may  be  obtained. 

347.  Formulas  for  computing  c.  e,  g.  /i,  k,  and  R. 
c]  There  are  two  methods  for  determining  c — with  the 

ship  upright,  but  the  observations  must  be  made  in 
different  latitudes;  and  heeled,  when  they  may  be  made 
in  the  same  locality.     For  the  first,  from  (341),  p.  970, 


B,-H,.B, 


-H,.tan  6 


(455} 


In  this,  //,  and  fl,,  //,  and  (?,  are  the  Earth's  Intensity  and 
Dip  in  each  latitude;  B^  and  B,  the  coefficients  deduced 
from  swingings  at  both  places;   and  X  is  computed. 
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For  the  second,  (447),  p.  loao,  is  used:  if  the  ship  be 
headed  east  or  west  by  compass,  since  cos  go"  =  cos  270° 
=  0,  the  terms  containing  cos  ;'  will  disappear;  and  then, 
as  sin  90°  =  sin  2  70"  =  i ,  eq .  (44  7 )  becomes 

3,^o.  +  (9;;     whence     ,.«ii7-«.      .     C456) 

Therefore,  with  the  ship  upright  and  east  or  west  by  com- 
pass, an  observation  for  deviation  is  to  be  made ;  then  she 
must  be  heeled  to  the  angle  i — brought  to  head  the  same 
course  by  compass,  while  keeled — and  another  observation 
for  deviation  made :  5„  and  Si  are  thus  obtained ;  >l  is  com- 
puted; and  )  observed. 
e\         From  {252),  p.  939, 

e  =  A{r-S)-i (437) 

The  coefficient  S  is  deduced  from  a  table  of  deviations,  and 
il  computed. 

g]  If  the  ship  head  north  or  south,  sin  ,;;'  =0,  cos  d  =  1, 

and  (447),  p.  1020,  becomes 


^i  =  K^-}  i-^i,     whence     ^  =  ^W+( 


V*)!- 


(458) 


That  is:  head  the  ship  north  or  south,  and  while  first  up- 
right and  next  heeled — both  on  the  same  compass  course — 
observe  for  deviation;  5„  and  3;  are  thence  obtained;  -I  is 
computed;  i  observed;  and  y  determined  by  (452). 

As  c  and  g  are  obtained  by  similar  observations,  it  is 
well  to  determine  them  in  order  to  know  exactly  how  their 
omission  would  affect  equations  in  which  they  enter. 
Many  ships  can  be  heeled  without  much  labor:  the  requisite 
list  of  6°  to  8°  ought  to  be  attainable  by  trimming  coal, 
filling  boilers,  lowering  boats,  massing  the  crew,  training 
guns,  and  otherwise  disposing  heavy  weights— all  on  one 
side.  If  g  be  known,  /i  can  be  computed  from  an  obser- 
vation on  one  magnetic  heading,  as  will  soon  be  seen;  and 


i 
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as  g  does  not  change  with  geographical  position,  it  should 
be  determined  with  the  utmost  accuracy  once  for  all, 
;i]        Values  of  /i  and  g  can  be  obtained  from  (96),  p.  875  : 
the  equation  is  reproduced  as  follows,  after  substituting 
in  it  the  value  of  fi  from  {387),  p.  1008,  and  transposing 


'  Z  "^tan( 


,sm  C- 


l-cosc. 


(459) 


In  this  Z  is  the  vertical  force  of  the  Earth  alone,  Z'  that 
of  Earth  and  Ship  combined^both  determined  by  oscilla- 
tion of  a  vertical  needle ;  d  the  Dip,  taken  from  a  magnetic 
chart;  and  C  the  magnetic  course  on  which  the  observation 
is  made ;  this  leaves  only  g  and  A  to  be  considered. 

It  was  explained  in  Art.  343  how  the  terms  containing 

Z' 

g  and  k  disappear  when  observations  of  -y  are  made  on 

certain  equidistant  divisions  of  the  circle,  not  compass 
points,  thus  giving  /i. 

When  the  observations  Z,'  and  Z,'  are  made,  respectively, 
on  two  opposite  headings,  there  will  result  two  equations 
like  (459),  in  which  the  terms  having  sin  ^  and  cos  f  as 
factors  will  have  opposite  signs,  and  therefore  cancel;  then 
by  addition 

Z,'   ,  Z'         ,  i/Z,'     Z," 


2/i  = 


whence 


K¥^f). 


{460) 


There  are  other  ways  in  which  (459)  may  be  used  to  fur- 
nish a  value  of  /t. 

First.  If  the  soft  iron  that  k  represents  be  symmetrical 
with  respect  to  the  axis  of  X,  h  reduces  to  zero ;  or  the  want 
of  sjTnmetry  may  be  so  shght  that  h  may  be  omitted:  in 
either  case  a  single  observation  with  the  ship's  head  east 
or  west  will  cause  the  term  in  g  to  vanish,  and  then  /i  is 

Z' 
simply  the  ratio  -y. 
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Regarding  h  as  negligible,  obsen-ations  on 
netic  headings  Ci  ^"d  d  will  give  both  /i  and 
n  (459).  omitting  the  term  in  A,  we  have, 

^.cosc.  (461):  and  /i=^  -t^fl-^°«  C,.  (46^) 

)lying  (461}  by  cos  C»  and  (462)  by  cos  d  and  sub- 

ig  latter  from  foimer,  we  thence  deduce  for  p. 

_  (|-)cosC.-(§^)=°sC, 

"  r-ns  r  —  f-rm  r  ....       \4"J/ 


nd  for  g,  equating  the  second  members  of  (461)  and  (462), 
ild  solving 


(f-f) 


F-ftan  8)7—^ ■—-.     .     .     .     {464) 

*     ^  '  (cos  ;;,  -  cos  Q  '■^^' 

Third.  If  /t  be  either  zero  or  so  small  as  to  warrant 

omitting  it,  and  at  the  same  time  g  be  known,  then  a  single 

observation  on  any  magnetic  heading  will  make  eq,  (459) 

as  follows: 

Z' 
fi=-2  -  g. cos  Z- cote (465) 

k]        Let  observations  denoted  respectively  by  Z^,  Z/,  ;i„ 
and  Zj,  Z,',  /£,,  be  made  in  two  places:  then  from  (387), 
p.  1008,  we  have  for  both  places 

1+^+7- =/!,    .     (466);     and     1+^  +  2"  "/s-  •     ■     (467) 
Subtracting  (467)  from  (466)  after  clearing  of  fractions,  then 


Z.(/..-i)-Z,(/t,-i) 
=     ~~    (Z,-ZJ 


\ 


.  \.  (468} 
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K\         Subtracting  {467)  from   (466)  as  they  stand,  and 
solving,  we  have 


R  = 


{Z,-Z,) 


(469) 


The  separation  of  k  and  R  is  essential  to  proper  compensa- 
tion of  the  heeling  error ;  for  k  represents  transient  mag- 
netism in  vertical  soft  iron,  while  R  represents  permanent 
magnetism ;  and  it  is  evident  that  both  cannot  be  cor- 
rected by  the  same  means. 

To  render  the  data  for  (465),  (468),  and  (469)  the  more 
accurate,  observations  should  be  made  where  Z^  and  Z, 
have  the  greatest  possible  values,  preferably  in  different 
hemispheres;  then  the  Dip  changes  sign,  and  the  sum  of 
Z,  and  Zj  replaces  their  difference  in  the  denominators 
of  (468)  and  (469),  which  conduces  to  accuracy  of  the 
results. 

348.  Graphical  method  of  determining  /t  and  g. — The 
substance  of  this  article  is  taken,  from  the  excellent  work 
of  Captain  A.  Collet  of  the  French  Navy,  to  which  the 
present  writer  is  otherwise  indebted  for  many  useful 
points. 

This  method  is  the  geometrical  solution  of  (459),  Art. 
347,  if  we  consider  h  zero  or  negUgible  on  account  of  its 
smallness.  Omitting  the  term  containing  h,  then,  the 
equation  is 


(470) 


g 
tan  0 


cos  ^. 


In  this,  Z  is  to  be  observed  ashore,  and  Z'  on  board;  the 
latter  may  be  done  with  the  ship  successively  on  various 

headings,  thus  affording  a  series  of  values  of  -^  for  a  num- 
ber of  magnetic  courses  (;;)  that  need  not  necessarily  be 
equidistant:    two   very  important  quantities  are  thence 


k 


■^^ 


lozS 
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deduced  from  few  or  many  observations;  if  these  are  care. 

fully  made,  and  the  construction  accurately  done  on  a  large 

scale,  reliable  results  should  be  obtained. 

The  following  observations  will  be  constructed  to  illus- 

Z ' 
trate  the  method:    Ci'=N.  3°  E.,   or  3°,  and,  ^=1.172; 


,;;,  =S.  26°  W.,  or  206°,  and 


C.=N.  54'  W.. 


or  306°,  and  -y—  =  1.196.     With  a  radius  assumed  equal  to 

unity,  the  Earth 's  vertical  force  {Z)  at  the  place,  describe 
a  circle — Fig.  540;    this  radius,  divided  into  one  hiindred 


C                       D                                  V 

T 

{r 

0     \ 

' 

L 

V, 

\ 

Fic.  540. 

parts  is  then  the  scale  for  lengths.  Draw  two  diameters 
at  right  angles  to  each  other  and  mark  their  extremities 
the  cardinal  points — that  to .  the  left  north,  to  the  right 
south,  top  east,  bottom  west.  Count  from  north  to  the 
right  the  successive  magnetic  courses :  NOQ  ^  Ci  =  3° ! 
WOi?  =  C,  =  206°;    and    A'OF  =  C,  =  306" ;    and    plot   them 


^kccordiogly.     From    P   draw   PF   perpendicular   to   NS ; 

ithen    PF  =  cos  C»i    since   radius   is    unity,    and    similarly, 

^A?=cos  C- 

From  the  points  W,  F,  M,  that  is,  where  the  various 

Z' 
cosines  cut  the  meridian  line,  lay  off  the  values  of  -y  corre- 

mxmding  to  the  magnetic  courses  j,,  ^j,  f,,  toward  the  top 

■2,' 


Z' 


jf  positive,  toward  the  bottom  jf  negative;  thus,  FC ^ 

Negative  values  occur  when  the  Icnuer  pole  of  the  dipping 

^needle  used  in  observing  Z'  on  board  is  of  opposite  name 

to  the  lower  pole  when  Z  is  observed  ashore.     The  ends 

Z'  Z'   Z' 
^,  C,  H  of  the  lines  representing  -~,  —•,   ~-  should  abut 

on  a  straight  line  TL,  which  is  to  be  drawn ;  but  this  will 
occur  only  when  the  obser\'ations  are  rigorously  exact— 
which  is  scarcely  ever;  therefore  the  line  TL  should  pass 
equally  distant  from  all  the  ends. 

Eq.  (470)  being  thus  constructed,  we  have  /i  equal  to 
the  length  OD,  which  corresponds  to  ^;  =  90°,  or  ^  =  2  70° ; 
in  both  these  cases  cos  ^  =0,  whence  the  term  of  eq.  (470) 
in  which  it  occurs  vanishes,  leaving 


=  0D, 


(471) 


Or,  again:  A'' ,4  is  the  value  of  y  corresponding  to  C=o°, 

find  SB  that  for  ^  =  1 80° ;  and  cos  0°  =  +  i ;  cos  1 80°  ^  —  i ; 
Substituting  these  successively  in  (470)  we  have 


=  SB- 


Adding,  and  deducing  value  of  /i,  it  is 


rjt-')-    (473) 


k 


p.~i{NA  +  SB) (474) 


TBE  SBMLIlfG  rXROM. 

Subtracting  {472)  from  (473).  and  deducing  value  of  g, 
it  is  g=\(^-NA)  tan  fl (475) 

Thus,  by  measuring  OD,  NA,  and  SB  by  the  scale  of  the 
radius,  and  taking  d  from  a  magnetic  chart,  we  obtain  values 
of  !i  and  g  from  eqs.  (471),  {474),  and  (475). 

349.  The  heeling  error  ascertained  by  listing  the  ship. — 
The  foregoing  articles  contain  various  formulas  for  com- 
puting the  deviations  due  to  heeling,  without  actually  list- 
ing the  vessel:  the  formulas  that  would  generally  be  used 
are  the  approximate  ones,  based  on  certain  assumptions 
regarding  the  soft  iron  in  the  structure,  and  the  smallness  of 
some  of  the  quantities  entering  the  equations,  which  war- 
rants their  omission. 

While  it  is  probable  that  the  simplified  formulas  would 
in  most  cases  give  results  adequate  to  the  requirements  of 
navigation,   still  this  cannot  be  positively  known :    the 

ONLY  WAY  TO  DETERMINE  THE  ACTUAL  CONDITION  OP" 
AFFAIRS,  IS  TO  HEEL  THE  SHIP  AND  SWING  HER.       The  meaoS 

suggested  on  page  1024  for  heeling,  may  suffice  to  produce 
a  list  of  6°,  and  this  done  first  to  one  side  and  then  to  the 
other  and  the  ship  swung  in  each  condition  as  well  as  up- 
right— all  OK  the  same  compass-points — at  the  same  time 
and  place,  would  certainly  be  a  more  satisfactory  and  com- 
plete procedure  than  any  computations.  The  conditions 
in  their  entirety  and  as  they  really  exist  would  then  be 
known,  instead  of  dealing  partially  with  conditions  that 
to  some  extent  are  assumed;  and  the  matter  is  altogether 
too  important  to  be  treated  otherwise  than  in  the  most 
thorough  manner. 

Once  the  observations  completely  made,  the  analysts 
by  formulas  can  be  applied  in  any  desired  way,  the  details 
of  the  condition  fully  investigated,  and  the  compass  intel- 
ligently and  completely  compensated. 

In  order  that  this  part  of  the  subject  may  be  better 
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1H»eciated,  the  examination  of  the  U.  S.  S.  Ranger  (iron), 
both  heeled  and  upright,  made  in  1 883  by  Lieut.  W.  P.  Ray, 
UJS-S,,  at  San  Francisco,  will  be  reproduced  here. 

The  ana!>-sis  of  the  observations  was  made  by  Comdr. 
Jofao  Habbard,  U.S.N..  then  on  duty  in  the  Office  of 
Supgrinteftdent  of  Compasses. 

Tto  make  the  matter  complete,  a  short  account  of  the 
taner  of  the  vessel  will  be  given. 

The  Raxger  was  built  at  Wilmington,  Delaware; 
Itopcbed  in  1874.  completed  in  1877;  displacement  when 
fKXty  for  sea,  i.oao  tons;  length,  175  feet;  beam,  32  feet; 
depth  from  rail  to  keel,  23  feet;  iron  beams  and  knees; 
^rooiien  masts  and  yards;  four  transverse  iron  bulkheads. 
On  beini;  commissioned  she  made  a  few  passages  between 
Noriv^ilk  anni  New  York,  and  then  proceeded  to  the  Asiatic 
Station  it'a  the  Suez  Canal,  stopping  at  various  ports  en 
ivHittf.  \Kh\k  on  the  station  during  three  years,  she  visited 
the  urinciivil  ports  of  Cliina  and  Japan,  and  then  sailed 
lor  San  Francisco.  During  1880-81  she  was  repaired  at 
lli^  M;irv>  Iskmd  Navy-yard,  California,  and  was  subse- 
qvrntly  enxployed  on  surveying  service  on  the  west  coast 
K^  Mfxici>.  where  she  was  up  to  the  time  of  the  observations 
pvviv  iK-iX'itfler. 

VV-  54'  shows  the  results  of  a  magnetic  survey  of  the 
^ihip  m»vU-  &h<irtly  before  the  observations  for  heeling:  it 
yfiU  iv  i>eavi\vd  that  tlie  distribution  of  magnetism  in  the 
huU  w  '."It''""  <i"*l  strik-ing :  on  the  starboard  side  the  line  of 
WUUwtity  oxU-nds  diagonally  from  bow  to  stem;  on  the 
w*t  jiilo.  siinikirly,  only  that  it  meets  the  keel  at  about 
lyft^ltUnlH  "f  its  length;  on  both  sides,  above  this  line, 
W>  b*V«  P»>uth  iK*larity,  and  below  it  north  polarity— the 
L<J*n»vlt'rint  ii'S  of  a  ship  built  head  northward. 

X\*>  ;.litinluni  ami  pass  is  in  the  midst  of  the  south  pola^ 
(lYv  wli'»«'  l"i>i^  li'-'s  <'''<>/'  it,  and  not  very  far  distant.  As 
%W  (hip  «wiiii;H  out  of  the  meridian  to  the  right,  this  pote 


turns  to  the  left  and  attracts  the  north  end  of  the  needle, 
;  or,  which  is  equivalent,  repels  its  south  end  to  the  right, 

BO  that  we  have  the  curve  of  deviations  traced  first  to  the 
I  westward  of  the  central  line,  as  shown  by  the  tables  here- 
I  after. 

The  arrows  numbered  2  to  9,  both  inclusive,  except  6 

and  8,  represent  the  direction  and  also  (relatively  among 
I  themselves)  tlie  amount  of  the  polar  force  acting  upon  the 

compass;  those  numbered  6  and  8  represent  this  force  with 
I  the  ship  heeled  respectively  to  port  and  to  starboard. 
I  The  two  different  methods  of  determining  the  magnet- 
I  ism  acting  upon  the  compass — namely,  that  by  survey  of 
( the  hull  in  dock,  and  from  tables  of  deviation  by  swinging 
j  the  ship — are  thus  seen  to  be,  as  they  should  be,  in  accord. 
f  Now  directing  our  attention  to  the  tables,  those  num- 
'  bered  84,  85,  86,  and  87  relate  to  observations  with  the 
I  ship  upright,  made  a  year  previous  to  the  series  heeled; 
I  they  are  inserted  as  part  of  the  magnetic  history  of  the 

ship. 

[  Table  84  contains  the  results  of  separate  swingings  at 
(different  places  as  indicated  at  the  heads  of  the  columns: 

the  method  of  time-azimuths  of  the  sim  was  used  while 

steaming  in  a  circle,  and  the  observations  were  made  on 

every  point — there  are  no  interpolations. 

Tables  85,  86,  and  87  contain  the  analyses  of  Table  84, 

and  the  numbers  of  the  columns  and  office  index  letter 

correspond  throughout  all  the  tables;    that  is,  the  letter 

"A"  and  col.    (2)   of  Tables  85,    86,   and  87  contain  the 

analysis  of  col.  {2),  letter  ",4,"  Table  84;  and  similarly  for 

the  other  columns. 

i       Cols.  (3)  and  (4),  Table  84,  are  observations  made  to 

ascertain  the  effect  of  elevation  on  the  compass:  for  col. 
I  (3)  it  was  at  the  extreme  height  of  screw  and  ratchet, 
t.pj  feet  above  the  deck,  and  for  col.  (4)  it  was  at  the  usual 

elevation  of  4J  feet.     That  the   increased  elevation  was 
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Table  84. 
3tal  deviations,  u.  a  s.  ranger. 


Upright. 

Upright. 

Upright. 

Upright, 

■: 

)S-i^i";i,',"i 

March  ,6.  .SBj. 

Uuch  16,  iSSi. 

«ov.  18..M. 

■•™: 

1      Himpton      1 

^'mS™^*' 

IilkCrmnde, 
Mexico, 

'^SS^' 

Index  Ut- 

"Ar 

-C." 

-- 

-D.- 

ShiD'n  Hud 

CnmpiB, 

1!^ 

^" 

5l^ 

i!? — 

Drvi.ti™, 

Dei-uHion. 

DevUtion 

Deviwioiu 

NORTH 

o°  35'  Earn. 

o°  23'  West. 

3°  16'  East. 

3=  16'  EW. 

N.  by  E. 
N.NE. 

.    45    West 

.    06 

0   41 

0  06  Wea. 

J    15 

3   53    Wet. 

I    il 

NE.  \g  N. 

4    45 

3   49 

3   58 

6    .7 

8   45 

4    51 

6   34 

7    14 

NE.bvB. 
H.  NS. 

"o   4S 

13    15 

\% 

9  09 

11    43 

9   49 
II    40 

E.hyN. 

i»    55 

9   <H 

12   47 

12    34 

EAST 

'4   4S 

9    39 

13    5' 

14  09 

We^ 

"5    '5 

to    IJ 

.4   58 

15   « 

IS  30 

10    iS 

14   03 

16    17 

».g,R 

'5    35 

9   ao 

14   09 

16    19 

>3   45 

8   56 

14    15 

14   SI 

■We^ 

7    30 

13    "6 

9    '5 

5   04 

'b  ^ 

>o  OS 

IbWri 

3    3.S 

4   09 

5    55 

0  37    East. 

0    14 

0   48 

J   40 

\w- 

4    15 

3   41    East- 

4  04    East, 

I    59   E^ 

6    05 

5   36 

7    56 

6    II 

^^^- 

9   45 

7    3> 

II    48 

9   55 

"I   45 

8    36 

'3    40 

12   36 

BW.hyW. 

w.  sw. 

"3    30 

9    21 

"3   03 

13   47 

14    15 

15    18 

15   *3 

W.by& 

WEST 

'4    '5 

9   +3 

'5    5' 

.6   05 

13    >5 

9  <•: 

>4   43 

'3   47 

W.  bv  N. 

10    IS 

S   3.* 

>4    17 

ij   59 

W,  SW. 

9   50 

7    iS 

'3    «3 

tj   35 

NW.U,W. 

10   40 

fi  SS 

It    08 

"    "3 

9    » 

4   5> 

9   04 

9   »7 

TW 

8    10 

J    'S 

7    3« 

7   39 

4    50 

I    44 

5    55 

5   5S 

N.hyW. 

2   40 

J    51 

3    " 
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Table  85. 
semicircular  components,  u.  s.  s.  ranger. 


Office  Index 

■M.- 

'■c:' 

"C"  to. 

"D-" 

(O 

(.) 

(J) 

(4) 

NORTH 

-      0°      06' 

-o»  05' 

+   2»  02' 

+  3"  18' 

N.  by  E. 

-    3        0 

-'     53 

-   1     43 

-3     55 

-  5     »4 

-   7     "5 

-  8     06 

-6     39 

-8     09 

-12     06 

-n     48 

-9     08 

-'3     36 

\^xs- 

-'3     35 

-9      13 

-14     19 

-14     14 

-14       0 

-9      13 

-14        13 

E.  by  S. 
E.SB. 

-8     S3 

SE  byE. 

-13     07 

-8     08 

-13     39 

-■3     46 

-6     53 

=1.7e=- 

-   7     03 

-3      34 

-     7        13 

-   8     03 

S.byE. 

-   3     oj 

-1     a6 

-  4      0 

-  4     33 

Table  86. 
quadrantal  components,  u.  s.  s.  ranger. 


Letw. 

-..■■ 

"cr 

■■C-" 

■■D," 

(1) 

(0 

(.0 

(4) 

U) 

NORTH 

+0"  38' 

-0=  01' 

+  0°    31' 

-0=   01' 

N.  by  E. 

+  1        32 

+  1        28 

NE.  by  N. 

■at. 

+  3      43 

+  1     3' 

+  »     43 

+  3      06 

+  3      4> 

+  t     44 

+  '     39 

+  3     37 

+  2      34 

+  1     34 

+  1     35 

4-1     58 

E.  by  N- 

+  0     33 

+0     31 

+  0     51 

+  .     36 

Table  87. 
magnetic  coefficients,  u.  s,  s.  ranger. 


A;% 

B;B 

C;  « 

D!% 

E;  e 

Sfaip'i  torci 


-.0055 

+   0  46 

+  .0133 

-  0  05 

-"4  3C 

-.2,6. 

-9    3* 

-.169a 

-use 

--*644 

-15   10 

+    0  43 

+  .0105 

-.005s 

+  I  17 

+   1  5^ 

+  1   5: 

+  .0332 

+-  1  47 

+ ,0485 

+   2  38 

+   0  45 

+  .0132 

+  0  05 

+  .0014 

+  0  13 

+  .0031 

)■"• 

0.250 

183- 

.167 

175" 

.258 

'73° 

THE  HBELmG  ERROR. 

1  is  apparent  from  the  reduced  deviations  of  coL 
^SiC  the  Bi«anium  reduction  due  to  height  alone  being  6°  08'. 
The  BDchanging  character  of  the  quadrantal  deviation 
flk  Jifcwilt  parts  of  the  globe  will  be  remarked  :  it  should 
kr  low  and  attention  is  directed  to  it  only  to  point  out  the 
qOMcideiKC  of  theory  with  observation. 

Ctatxainining  cols.  (2),  (4).  and  (5)  of  Table  84,  in  con- 
ittiiwi  with  col.  (7)  of  Table  88,  we  obser\-e  how  little  the 
i^«iklB3as  on  the  same  point  differ,  although  determined 
itat  9ac&  widely  separated  places  as  New  York,  Isla  Grande 
ijMar  Acapulco),  and  San  Francisco,  and  although  they 
i^twir  a  period  of  six  years,  beginning  with  the  completioa 
iX  iJft*  \«!sel  and  extending  through  a  cruise  nearly  around 
tA»  gli.'tv,  in  which  the  ship  was  strained  and  shaken  by 
itMn>  4  RHigh  sea  and  periodic  target  practice  with  hea'v-y 
Mii^  Ttuly,  a  hard-steel  magnet  could  scarcely  show 
M^Mef  jvntianency  of  power. 

'W  <\>i«p«ss  was  not  compensated  at  any  time, 
rv  tjuadrantal  components  being  very  small  (see 
l'^^J^.•(>  !*  and  90),  the  deviation  is  chiefly  semicircular, 
.ww«vt  bv  Imrd  iron,  and  vertical  soft  iron;  and,  as  found 
:■»!  Ill  ihor  analj'sis,  the  effect  of  the  vertical  soft  iron  was 
;v-  -.Nit  <.«f  the  hard  iron  in  the  ratio  of  1  to  2.3:  it  follows 
,v.  '  V  HWgnetic  retentive  power  of  the  iron  of  which  the 
V  .\-  aK  kS  built  is  almost  that  of  tempered  steel. 

,y\  of  Table  88  may  be  designated  the  "  charac- 
^'  iili'iis"  of  the  Ranger;  for,  being  the  mean 
;ti'  determinations  of  those  quantities  at  dif- 
,11,1  places,  but  under  similar  conditions,  the 
;,il  to  each  series  may  be  considered  partly 
■viluced.  Fig.  542  is  the  representation  of 
[.■ristic  deviations":  it  forcibly  illustrates 
',■  in  a  previous  part  of  this  Treatise — that  no 
'i-jjular  the  curve  of  total  deviations  may  be, 
-x,,,i^iinfnt  parts  are  symmetrical.     The  curve  of 
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Fic.  342, — Illustrating  col,  (9)  of  Tables  88,  Bg,  and  90. 


Fio    J4J.— Doviniioiis  d[  ihe  U.  S.  S.  Randkr      lllustniiiDg  cola,  (6).  (7).  and  ( 
Table  88.      h  -  ship  upright;    ^  ~  bvrlrd  lo  starboard;    p  —  bcded to  |iort. 
nttunil  tiM. 
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^Pratal  deviation  is  full  and  rounded  in  both  the  SE.  and  SW. 
quadrants,  whereas  it  is  flat  and  has  little  curvature  in  the 
other  two.  The  semicircular  component  is  almost  perfectly 
Jegxilar,  and  has  its  maSima  at  east  and  west.  The  quad- 
lantal  component,  likewise,  is  almost  perfectly  symmetri- 
cal, with  its  maxima  where  they  should  be,  at  the  inter- 
Cardinal  points.  Whence,  then,  the  irregularity  of  their 
combination?  A  glance  at  the  figure  gives  the  answer. 
\a  the  NE.  and  NW.  quarters  the  two  components  are  on 
opposite  sides  of  the  central  line,  hence  their  resultant  is 
their  difference — a  flattened  curve  on  the  side  of  the  greater ; 
\  the  SE,  and  SW.  quarters,  on  the  other  hand,  the  com- 
ponents are  on  the  same  side  of  the  central  line,  and  so 
e  have  a  full  rounded  curve — their  sum. 
All  the  curves  of  Fig.  54a  are  increased  to  double  their 
ioattiral  size,  according  to  the  central  vertical  scale  of  degrees 
Tables  88,  89,  90,  91,  and  92  (except  col.  9  wherever  it 
jccurs)  relate  to  a  connected  series  of  observations  made 
^lecially  to  determine  the  heeling  error;  the  method  of 
sciprocal  bearings  with  a  theodolite  on  shore  was  used, 
md  an  actual  observation  was  made  on  every  point — 
there  are  no  interpolated  values. 

Cols.  (6),  (7),  and  (8)  of  Table  88,  and  the  illustration 
of  the  total  deviations  of  that  table  in  Fig.  543  again  beau- 
tifully show  how  theoretical  deductions  are  borne  out  by 
acperience.  The  mathematical  consideration  of  the  sub- 
t  requires  that  the  heeling  error  should  be  a  maximum 
Bt  north  and  south  and  a  minimum  neax  east  and  west. 
The  wide  separation  of  the  curves,  Fig.  543,  due  to  heeling, 
at  north  and  south,  and  their  approximate  intersection  at 
east  and  west,  could  scarcely  be  more  perfect,  considering 
the  difficulties  and  conditions  of  this  class  of  observations. 
Cols.  (10),  (11),  (12),  and  (13)  of  Table  92  need  no 
Special  explanation;  they  show  that  the  Ranger  has  a 
very  large  heeling  coefficient,  and  this  might  readily  be 
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Taule  88. 
total  deviations,  u.  s.  s.  ranger 


Condition  -.(  Ship. 

"«P^/" 

Upright. 

H«IhJ6°U. 
starboard. 

Upright, 

DbU  of  ObKrw 

AugU(t4.  iSBj. 

August  I.  1883. 

AugUBi  1  and  3. 
.S8,. 

Man  oi  Total 
EtevJatiou  (rom 

Reports  Wh«e 

PlKO  of   ObMTVa- 

San  PnuidKO, 
CmI. 

S«nI^ci«o. 

Sun  Franeisea, 
CaL 

Officr  Indat 

"D.-  aod"F." 

OflSa.  Index  L«- 

■H." 

..p.. 

-C." 

■■Ship*.  Ch.r;_ 

(0 

CO 

(T) 

m 

(g) 

Corapui. 

I....O., 

0...io. 

c....™. 

».*.„ 

NORTH 

13°  07' East. 

1"  09' East. 

8=  06' West. 

I"   46'EUL 

N.  bvE. 

10     49 

0    48  West 

10     33 

0     tgWoL 

N.  NE. 

3     'S 

13       36 

a     23 

NE^N. 

1     33  West. 

5     01 
8     II 

'4    57 
IS    36 

5     00 
7     41 

NE.  by  B. 

>o     f2 

10    54 

17     14 

lo    09 

E.  NE. 

•3     03 

iS     01 

12     25 

E.  by  N. 

12      54 

.4     3a 

iS    37 

13     " 

EAST 

17      00 

16      10 

■7     53 

14      44 

E.  byS. 

18      18 

»7     S7 

•5     S9 

E.SE, 

32        14 

19     04 

t6     41 

16     ,4 

SE.  by  E. 

14     o» 

tS     16 

>3     45 

16     05 

SE. 

J4     01 

16     3. 

12     39 

14    5> 

SE.  by  S. 

S.SE. 

13     08 

18     31 

,4     46 

8     56 

4     55 

.2     |6 
10     13 

S.byE. 

16     45 

's    « 

0    40  East. 

5    33 

SOUTH 

11     40 

3     10 

6    08 

I     33 

S.  by  W. 
S.  SW. 

6     00 
I     03 

I     16  East. 
7     03 

15     58 

2    56B«t 
6    49 

SW,^  S. 

3     39  East. 
8     03 

11     09 
17     01 

19    01 

10     39 
)4     00 

SW,  by  W. 
W.  SW. 

11     33 

.8     03 

>5     03 

14     16 

.8     3. 

3Z      09 

•J     54 

W.  by  S. 

17     05 

JO     35 

16     48 

WEST 

18     47 

19     26 

15     18 

W.  by  N. 

19     08 

19     02 

16     u 

'4     *3 

W.  NW. 

JO     03 

16     50 

"     59 

13     11 

NW.  byW. 

.5     ^8 

9     27 

u    07 

NW. 

"9     54 

13     21 

5     39 

10    18 

NW.  bvN. 
N.  NW. 

.8     44 
>6     54 

II     23 

9     05 

3     34 

0    16  West, 

8    40 

6     27 

N.  by  W. 

>5     " 

4     07 

4      58 

.1     '7 
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Table  89. 

SEMICIRCULAR  COMPONENTS,  U.  S.  S.  RANGER. 


Mean  from 

Office  Index 
Letter. 

'*Hr 

"F." 

''Gr 

Reports  'M," 

» 

and"F.** 

(i) 

(6) 

(7) 

(8) 

(9) 

NORTH 

+  I2*»    24' 

+    2*>    14' 

-  7**  07' 

+    l^   39' 

N.  by  E. 

+   8     34 

-    I      07 

-10     47 

-   I     43 

N.  NE. 

+   3     37 

-  5     09 

—  14     12 

-  4     35 

NE.  by  N. 

—  0     36 

-  8     05 

-16     59 

-  7     50 

NE. 

-  4     48 

—  12     36 

-18     18 

—  10     36 

NE.  by  E. 

-  8     15 

—  14     28 

-19     42 

-12     37 

E.  NE. 

—  12     14    . 

-15     47 

—  20    05 

—  14     10 

E.  by  N. 

-H     59 

-17     50 

-19     31 

-14     59 

EAST 

-17     53 

-17     48 

-18     57 

—  15     02 

E.  by  S. 

-19     37 

—  18     40 

-17     04 

-15     II 

E.  SE. 

—  21     24 

-17     57 

—  14     20 

-14     48 

SE.  by  E. 

—  22     II 

—  16     52 

—  II     36 

—  14    06 

-21     57 

-14     56 

-  9     04 

-12     33 

SE.  by  S. 

—  20     56 

-13     04 

-  5     40 

—  10     48 

S.  SE. 

-17     43 

—  II     03 

—  2     19 

—  8     20 

S.  by  E. 

-15     58 

-  6     25 

+   2     49 

-  4     30 

Table  90. 

Q.UADRANTAL  COMPONENTS.  U.  S.  S.  RANGER. 


Office  Index 

"//." 

"F." 

"(;.•• 

*M,"  "cr 

Letter. 

'*Dr  and  "F." 

(i) 

(6) 

(7) 

• 

(8) 

(9) 

NORTH 

-0*  05' 

-I**   22' 

-I*»  01' 

-qO  06' 

N.  by  E. 

4-1     28 

—0     01 

+0     34 

4-0     46 

N.  NE. 

4-1     56 

4-1     31 

4-2     03 

+  1     49 

NE.  by  N. 

4-2     27 

4-2     14 

4-2     05 

4-2     28 

NE. 

4-2     39 

4-3     00 

+  3     14 

+  2     43 

NE.  by  E. 

4-2     46 

4-2     38 

4-2     52 

4-2       21 

E.  NE. 

4-1      25 

4-2       21 

4-2     20 

4-1     49 

E.  by  N. 

4-1     26 

+  2       45 

+  1     37 

4-1     26 

Table  91. 

MAGNETIC  COEFFICIENTS,  U.  S.  S.  RANGER. 


A:  « 

B;  » 

C;G 

D;7^ 

E;  € 
Ship's  force 

and 
"Starboard 
Angle 


-I-   o  40 
-18   15 


+  .01164-   o  37  4- .0107 
-•3199-18  42;-. 3274 


+  12  35 -f  .21034-   2  35  +.0458 


wee  \ 


+     2    44 

-  o  03 


145^ 


4- .  1476  4-    2  49  4-  .0491 
—  .0008—  o  55  —.0165 


0.380 


172® 


0.320 


—  o  i6|  — .0046 
-19  03! -.3376 

—  6  49j  — .1111 
+   3  20; 4-. 0581 

—  o  53|-.oi54 

200°    !  0.350 


0.273 


PART  FIFTH. 

SIVINGING  SHIP  AND  COMPENSATION  OF 

THE  DELATIONS. 


350.  General  remarks  on  the  procedure.— To  swing  ship 
is  to  head  her  successively  on  different  courses  either  at 
equal  or  unequal  intervals  all  round  the  compass.  This 
may  be  done  in  many  ways :  by  steaming  in  a  circle ;  by 
warping  at  buoys;  by  kedging.  when  anchored,  the  kedges 
being  laid  out  from  each  quarter;  or,  if  the  ship  be  moored 
in  still  water,  a  tug  might  pull  or  push  the  stem  around ; 
or,  if  moored  in  a  river  Hke  the  Hudson,  each  tide  will  turn 
her  through  a  semicircle  by  suitably  working  the  helm. 

Whatever  the  process,  the  bearing  by  standard  com- 
pass of  some  object  whose  true  or  magnetic  bearing  may 
be  determined,  is  to  be  observed  while  on  each  heading: 
as,  for  instance,  the  sun;  or  a  distant  jieak;  or  a  pole 
erected  above  another  compass  set  up  on  ths  shore  near  by. 

Before  beginning  the  observations,  the  ship  should 
make  a  rapid  circle  with  each  helm,  to  shake  out  any  tran- 
sient magnetism  that  may  have  acquired  lodgement  from 
steering  the  same  course  or  lying  in  the  same  direction  for 
some  time. 

Experience  shows  that  a  difference  of  2°  to  3*  will  often 
result  from  swingings  in  opposite  directions;  therefore, 
when  accuracy  is  required,  two  series  should  be  made^- 
one  with  each  helm — and  the  mean  taken :  or,  if  only  one 
set  with  either  helm,  the  ship  should  rest  nearly  five  minutes 
on  each  heading  before  taking  the  bearing  that  is  to  be 
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recorded ;  and  during  this  time  it  is  well  to  look  frequently 
at  the  bearing  of  the  object  in  order  that  its  exact  direction 
be  determined.  The  stop  on  each  heading  is  both  to  allow 
the  Earth's  induction  its  full  effect  and  the  compass  card 
to  come  to  rest:  and  further  to  contribute  to  this  end,  the 
change  from  one  heading  to  another  should  be  made  with 
a  slow  movement  of  both  helm  and  propeller. 

The  obser\'ations  would  of  course  be  undertaken  only 
under  favorable  conditions  of  sea  and  weather. 

About  the  points  of  maximum  and  minimum  deviation 
,  there  is  greatest  liability  to  inaccuracy,  because  the  change 
in  the  deviation  is  then  slowest  and  least  for  the  same 
angular  motion  of  the  ship:  if,  therefore,  for  any  special 
purpose,  observations  are  required  on  two  or  more  head- 
ings, it  would  be  best  to  select  those  that  fall  about  raid- 
way  between  the  maximum  and  minimum. 

When  using  the  sun,  the  lowest  practicable  altitude  is 
the  best:  a  series  on  16  points  occupying  an  hour  and  a 
half,  with  a  low  altitude  for  all,  would  be  preferable  to  one 
on  32  points  covering  nearly  three  hours,  with  a  consequent 
greater  change  of  altitude. 

351.  Time-azimuths^teaming  in  a  circle. — ^This  method 
is  the  quickest  and  most  easily  carried  out. 

Fig.  544  illustrates  the  astronomical  basis  of  the  method: 
SHN  is  the  plane  of  the  horizon,  and  QMR  that  of  the 
equator;  P  is  the  elevated  pole;  PZQ  the  meridian;  Z 
the  zenith ;  PCM  a  declination  circle,  and  ZCH  a  vertical 
circle — both  through  the  sun  C.  Arcs  of  these  three  circles 
form  the  astronomical  triangle  CPZ,  any  three  of  whose 
parts  being  known,  the  others  may  be  computed  by  for- 
mulas of  spherical  trigonometry. 

In  the  figure,  QZ  =  L,  the  latitude  of  the  place  of  obser- 
vation; MC  =  D,  the  declination  of  the  sun  at  the  apparent 
time  T,  which  latter  is  equal  to  CPZ,  the  hour  angle ;  NOH 
or  PZC  =  A,  is  the  true  azimuth  of  the  sun,  reckoned  from 


h 


the  north  or  south  point  of  the  horizon,  according  to  the 
latitude  of  the  same  name.  The  parts,  t'hen,  that  enter 
into  the  present  problem  are: 


F^  =  9o°-L.    (0; 
all  known,  and 


PZC 


D°-n.  (2);    and  CPZ^T,    (3) 
A,  required (4) 


FlO.   544- 

It    is    the    case   of   two  sides  and    the    included    angle 
\  being  given,    to  compute   one  of   the   remaining  angles. 
Let  ^  be  an  auxiliary  angle  such  that 


=cot  Z>.cos  T, 


rthen 


cot  .4 


cos  i^  +  L)  cot  T 
sin  0 


C5) 


(6) 


This  affords  the  means  of  calculating  the  true  azimuth  A 
I  for  various  hour  angles  T,  different  latitudes  L,  and  every 
degree  of  the  sun 's  declination  D ;  and  in  this  way  Azimuth 
Tables  are  formed. 

When  the  navigator  observes  a  series  of  magnetic  bear- 
ings of  the  sun  for  col.  (5),  Form  7,  noting  the  time  of  each 
by  chronometer,  he  thereby,  in  effect,  determines  a  number 


of  hour  angles  for  col,  (4) ;  the  latitude  of  the  place  and 
the  declination  of  the  sun  for  the  mean  period  of  observa- 
tion are  computed,  and  with  these  and  the  series  of  hour 
angles,  any  Azimuth  Tables  will  afford  the  data  for  col.  (6) — 
not  directly,  perhaps,  but  by  interpolation.  Experience 
will  readily  suggest  to  the  navigator  short  methods  of  inter- 
polation for  the  tabulated  quantities. 

Comparison  of  cols.  (5)  and  (6),  Form  7,  gives  col.  (7) — 
that  is,  values  of  the  Variation  and  Deviation  combined; 
the  means  of  separating  these  is  indicated  in  col.  (8).  The 
Variation  thus  obtained,  should  be  corrected  by  applying 
the  constant  A  when  it  has  been  found  by  analysis  of  the 
deviations  on  Form  10.  This  will  necessitate  using  the 
new  (correct)  Variation  with  the  quantities  in  col.  {7), 
which  will  give  other  values  of  the  deviation  for  col.  {9) 
than  those  first  obtained ;  but  the  work  should  be  done, 
as  exactness  is  essential. 

A  few  time-azimuths  can  easily  be  taken  in  a  short 
period,  and  it  would  be  a  good  precaution  to  do  it  on  every 
occasion  of  closing  in  with  the  land,  at  least  for  those 
courses  that  the  ship  is  likely  to  use  in  running  into 
port, 

352.  Observation  of  a  distant  object. — When  moored, 
so  that  the  radius  of  swing  is  practically  the  distance  of  the 
compass  from  the  bow,  and  a  sharply  defined  object- 
peak,  light-house,  or  tower — is  clearly  in  view  at  a  con- 
siderable distance,  its  compass  bearing  on  a  series  of  head- 
ings can  be  taken. 

When  the  compass  is  in  line  with  bow  or  stem  and  tht 
object,  there  is  no  parallactic  error;  but  when  the  ship 
swings  Qo°  from  this  direction,  it  is  greatest. 

In  Prof.  Greene's  work,  "Finding  the  Compass  Error," 
Tables  LII  and  LIII  give  information  regarding  the  related 
quantities — distance  of  object,  radius  of  swing,  and  paral- 
lactic   correction;    as  the  book    is  in  ships'   libraries,  it 
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will  be   necessary  to  state   here  only  a  few  of  the  usual 


Distance  of  Object. 

Radius  of  Swing, 

Maximum  Parallartic 

in  Nautical  Miles. 

in  Feet. 

Error,  in  Arc. 

4-9 

200 

0°    24' 

7-4 

225 
200 

0      18 

The  error  increases  with  the  radius  of  swing  and  de- 
creases with  the  distance  of  the  object. 

The  magnetic  bearing  of  the  object  from  the  ship  must 
be  determined  and  one  of  the  following  methods  will  suffice : 
1st,  the  mean  of  two  bearings  with  the  compass  in  line  with 
the  object,  first,  bow  toward  it,  secondly,  stem;  2d.  if  the 
bearings  by  compass  in  a  complete  swing  be  equidistant, 
their  mean  will  be  the  magnetic  bearing;  3d,  if  the  compass 
be  landed  in  a  spot  free  from  magnetic  material  and  in  exact 
line  with  the  object  and  the  ship  (head-on  or  stem-to),  it  will 
be  the  magnetic  bearing.  Comparison  of  the  bearing  on  each 
heading  with  its  magnetic  bearing  will  give  the  deviation. 

The  true  bearing  of  the  object  may  also  be  used,  and 
Prof.  Greene's  book  contains  methods  tor  computing  it. 
If  the  compass  be  not  landed  in  the  way  stated,  it  will  be 
necessary  to  compute  the  true  bearing  when  the  compass 
bearings  on  the  several  headings  are  wnequally  distributed; 
for  then  we  cannot  take  their  mean  as  the  magnetic  bear- 
ing. When  the  true  bearing  is  used,  the  compass  must  be 
landed  in  a  spot  free  from  magnetic  material,  and  the  Vari- 
ation determined  by  a  careful  series  of  time-azimuths;  tor 
comparison  of  the  individual  bearings  with  the  true  bearing 
will  give  only  a  series  of  Compass  Errors,  and  we  need  the 
Variation  to  separate  the  parts  of  these  and  get  the  Devia- 
tions. 

353.  Reciprocal  bearings. — Whoever  wishei  to  use  this 
method  will  find  it  explained  in  Prof.  Greene's  book. 
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When  the  compass  buoys  were  planted  in  Newport 
Harbor  for  swinging  ship,  two  very  large  tripods  were 
made  to  be  used  with  this  method :  when  opened 
out  they  admitted  an  observer  standing  comfortably  be- 
neath, and  it  was  intended  that  one  tripod  should  be 
placed  over  the  standard  compass  on  board  and  the  other 
over  that  ashore ;  a  strong  pole  about  ten  feet  long,  having 
on  the  lower  end  a  brass  ring  on  which  a  thread  was  rat, 
was  provided  for  each  tripod ;  it  was  screwed  into  a  socket 
in  the  block  to  wliich  the  legs  were  attached,  and  fornied 
a  good  mark  directly  above  the  center  of  each  compass  for 
the  observers  to  sight  upon. 

The  distinctive  feature  of  reciprocal  bearings  is,  that 
they  are  to  be  taken  simultaneously  upon  a  preconcerted 
signal;  this  requires  alertness  and  attention  on  the  part 
of  the  observers,  additional  to  that  of  noting  the  bearing 
itself;  and  the  method  otherwise  has  inherent  sources  of 
trouble  and  error  that  render  it  less  practicable  than  time- 
azimuths. 

354.  Known  lines  of  magnetic  bearing. — In  some  ports 
of  Europe  advantage  has  been  taken  of  a  tall  chimney  or 
tower  in  the  vicinity,  to  make  it  a  mark  for  observatico 
from  different  points  of  view — the  center  of  a  series  of 
magnetic  directions  that,  like  radii,  spread  out  at  inten'als 
of  one  degree.  Where  they  strike  the  walls  of  a  wharf  or 
dock,  large  numbers  indicating  the  amount  of  the  bearing 
are  painted,  and  these  are  clearly  seen  from  the  water. 

A  ship  moored  off  the  wharf  may  be  swung  by  warps, 
and  as  she  crosses  any  of  the  radii,  the  bearing  of  the  tower 
is  taken  at  the  instant  the  standard  compass  is  upon  the 
line — its  number  is  noted— and  comparison  of  the  two  bear- 
ings gives  the  deviation  directly.  This  is  the  principle- 
it  may  be  variously  carried  out  in  different  ports.  The 
method  is  illustrated  on  page  71  of  the  Liverpool  Compass 
Report. 
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355.  The  best  means  of  determining  the  deviations. 

To  swing  ship  at  a  compass  station,  the  bow  fast  to  the 
central  buoy  and  a  Une  from  each  qtiarter  to  the  comer 
buoys  for  warping  the  stem  around  and  steadying  the  ship 
on  each  point;  the  water  smooth;  the  weather  clear  and 
calm ;  in  the  early  morning  or  late  afternoon ;  with  a  rest 
of  about  five  minutes  on  each  heading;  and  observing  a 
very  careful  series  of  time-azimuths: — ^these  are  probably 
the  conditions  most  conducive  to  accuracy.  They  are 
preferable  to  time-azimuths  tmder  way. 


CHAPTER   XXVIII. 

INSTRUMENTS  AND  MECHANICAL  APPLIANCES 
USED  IN  COMPENSATING. 

356.  The    theory  of  compensation. — The   principle  of 

neutralizing  the  source  of  the  deviations  is  so  simple  that  it 
will  be  welt  to  illustrate  it  apart  from  any  particular  case. 

In  Art.  173  the  field  of  a  magnet  is  fully  described,  and 
in  compensating  compasses  it  is  with  magnetic  fields  that 
we  have  to  deal. 


Fig.  545. 

Consider  Fig.  545 :  a  small  pivoted  needle  B  is  deflected 
from  the  meridian  by  a  steel  magnet  D,  and  this  is  con- 
ceived to  be  effected  by  the  lines  of  force  surroimding  N 
coming  in  conflict  with  those  about  n  as  well  as  uniting 
with  others  around  s.  The  field  of  the  Earth  tends  to  turn 
the  needle  parallel  to  H. 
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rhe  needle  B  may  be  brought  to  the  meridian  by  neu- 
tralizing the  field  of  D;    and  as  the  influence  of  magnets 
extend  in  space  all  round  them,  this  neutralization  can  be 
[     effected  in  several  ways :  by  placing  another  magnet  sym- 


Fic.  547. 

?^^trically  opposite,  as  C„  Fig.  546;    or  beside  D,  as  C„ 
,_*S.  547;  or  at  right  angles  to  S,  either  north  or  south  of 
'  as  C,  and  A,  Fig.  548 ;  or  directly  above  or  below  it,  as 
and  C4.  Fig.  549. 
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So  far,  the  effect  of  Z>  has  been  considered  at  right  angles 
to  the  meridian:  to  neutralize  it,  the  magnet  C  had  to  be 
similarly  placed  also  at  right  angles  to  the  meridian. 

If  the  disturbance  is  in  the  meridian  or  parallel  to  it, 
the  counteracting  influence  must  also  be — alongside  the 
disturbance ;  or  symmetrically  placed  on  the  opposite  side 
of  B ;  or  parallel  to  the  meridian  on  the  right  or  left,  above 


Fig.  548. 


or  below — that  is,  in  the  space  about  B,  but  always  either 
in  the  meridian  or  parallel  to  it. 

The  two  positions — in  the  meridian  and  across  it — aK 
therefore  analogous,  and  the  disturbing  force  in  each  is 
counteracted  in  a  similar  way. 

Their  composition — a  single  disturbing  force'  in  any 
other  direction— will  be  overcome  by  a  combination  of  the 
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:ompensating  magnets  used  to  neutralize  the  components 
)f  the  disturbing  force ;  this  is  shown  in  Fig.  550. 

When  the  ship  heads  N.  magnetic,  the  needle  is  deflected 
nto  the  position  B'  by  that  component  of  D  which  may  be 
esolved  across  the  meridian;    this  is  therefore  neutralized 


md  the  needle  brought  into  the  meridian  as  at  B  by  a 
nagnet  placed  as  Cj :  when  the  ship  swings  to  east,  the  part 
af  D  resolved  parallel  to  the  meridian  will  now  deflect  the 
needle  into  the  position  B" ,  and  it  must  be  brought  back 
by  a  magnet  C^.  The  influence  of  D  is  now  neutralized 
for  every  heading. 

Looking  at  Figs,  545  to  549,  it  woiild  appear  that — 
theoretically — the  influence  of  the  Ship,  when  simple,  can 
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Fio.    550. — Compensation  by  the  Component  Method. 

(To  fac€  p.  1056.) 
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be  neutralized  by  a  single  magnet  suitably  placed ;  and 
that  this  once  effected,  it  holds  good  for  every  azimuth 
and  all  regions  of  the  Earth,  provided  the  disturbing  and 
compensating  forces  retain  their  relative  strength  intact. 
But  these  conditions  do  not  exist.  As  has  been  shown  in 
Part  Third,  the  resultant  disturbing  force  of  the  ship  is 
most  complex  in  its  composition  and  varies  with  time, 
place,  and  azimuth;  the  compass-card  is  constrained  to 
move  in  a  horizontal  plane;  all  disturbing  and  compen- 
sating forces  must  be  resolved  into  this  plane  and  the  ver- 
tical; and  as  the  disturbances  are  both  permanent  and 
transient  in  each  plane,  the  appliances  to  correct  them  must 
be  in  both  planes  and  possess  magnetism  both  permanent 
and  transitory. 

357.  Material  used  for  compensating. — To  no  condition 
of  things  does  the  phrase  similia  similibus  curantur  apply 
more  exactly  than  to  compensation  of  the  deviations. 

For  permanent  magnets,  steel  rods  about  one-quarter 
inch  thick  and  of  lengths  from  6  to  12  inches  will  probably 
be  found  the  best:  they  can  be  tempered  and  magnetized 
more  uniformly  than  bars  of  the  size  usually  employed, 
and — weight  for  weight — are  more  powerful  than  solid 
masses.  Besides,  their  strength  is  hkely  to  endure,  and 
their  number  can  be  increased  or  diminished  at  will  to 
overcome  large  or  small  deviations. 

The  rods  should  be  tempered  "glass-hard,"  magnet- 
ized by  a  powerful  electric  current,  and  laid  away  six 
months  before  using — the  longer  the  better — 1 
them. 

They  are  used  in  two  ways:    ist,  according  to  the  Rk-  1 
suLTANT  Method — in  a  single  group,  horizontally,  beneath 
the  compass,  their  axes  in  the  direction  (starboard  anglej 
of  the  horizontal  resultant  of  the  ship's  permanent  rr 
netism;    2d,  in    two  groups    (Fig.    S5o).  the  Com' 
^Method — one  group  fore-and-aft,  the  other  ath' 


these  neutralize  P  and  Q  (Figs.  434  and  444).  They  are 
also  used  to  neutralize  R  (Figs.  459  and  537),  the  vertical 
part  of  the  ship's  permanent  magnetism. 

To  counteract  the  effect  of  transient  magnetism  we 
need  material  that  gives  the  freest  entrance  and  exit  to 
magnetism,  and  acquires  it  in  the  highest  possible  ratio 
to  the  inducing  force:  and  cast  and  wrought  iron  fulfill 
these  requirements. 

The  iron  is  generally  required  in  two  forms ;  tubes  about 
three  inches  external  diameter  with  walls  one-quarter  inch 
thick,  and  of  various  lengths  from  three  inches  to  twelve, 
so  that,  screwing  several  together,  we  may  form  one  tube 
of  about  six  feet ;  and  hollow  spheres  whose  walls  are  one- 
quarter  inch  thick,  and  of  diameters  varying  between  five 
and  ten  inches. 

Before  using,  both  tubes  and  spheres  should  be  soaked 
in  a  blood-red  fire  for  some  hours  and  then  cooled  very 
slowly  by  burying  in  the  ashes  or  allowing  the  fire  to  go 
out;  subsequent  work  upon  them,  such  as  hammering, 
polishing,  or  filing,  should  be  avoided,  as  it  hardens  the 
iron,  makes  it  less  susceptible  to  magnetism,  and  causes  a 
trace  of  what  enters,  to  remain. 

The  transient  magnetism  induced  in  the  spheres  coun- 
teracts that  part  of  the  transient  magnetism  in  the  soft 
iron  of  the  ship  which  is  conceived  to  be  resolved  into  the 
horizontal  plane  and  which  produces  quadrantal  deviation ; 
they  overcome  the  effect  of  the  rods  a,  b,  d,  and  e.  Figs. 
I    435  to  439. 

A  few  words  relative  to  the  magnetization  of  the  spheres 
will  be  proper  here.  Let  (4),  Fig.  551,  represent  one  in  a 
northern  latitude  where  the  Dip  is  DD',  and  magnetic  meri- 
dian HH'—a  horizontal  line  through  the  center;  the  sphere 
is  viewed  from  the  west.  It  becomes  magnetic  by  terres- 
trial induction — all  above  the  line  AA'  (perpendicular  to 
DD")  acquires  blue  polarity,  and  all  below  red,  which  repels 
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the  north  end  of  the  needle.  If  the  sphere  be  spun  atout 
any  diameter  as  an  axis,  this  wilt  not  affect  the  indicated 
polarity:  the  metaUic  mass  turns,  but  the  induction  takes 
place  in  each  new  part  of  the  sphere  coming  under  its  in- 
fluence, and  this  however  rapidly  it  be  revolved,  so  that  its 
magnetic  condition  is  always  as  in  {4),  viewed  from  the 
west. 

In  (i).  (a),  (3),  Fig.  551,  spheres  are  represented 
attached  to  a  binnacle,  an  outline  of  a  ship  being  drawn 
to  indicate  the  heading;  the  spheres  are  variously  turned 
in  azimuth,  but  this  does  not  change  the  distribution  ol 
their  magnetism — each,  viewed  from  the  west,  is  still  as 
in  (4). 

Now  let  F  represent  a  disturbing  soft-iron  mass  on  the 
ship:  heading  north,  obviously  it  will  not  cause  deviation, 
nor  will  the  spheres  affect  the  compass.  Heading  east,  (3), 
the  magnetism  of  F  isjdistributed  as  in  the  sphere  at  (4) — 
hoik  polarities,  equal  in  amount,  at  the  ends  of  F  and  there- 
fore inoperative :  the  spheres  being  in  line  with  the  compass, 
produce  only  the  effect  of  greater  directive  force;  for  in 
the  port  sphere  the  blue  region  H'  (4)  is  toward  the  north 
end  of  the  needle  and  in  the  starboard  sphere  the  red  region 
H  is  toward  the  south  end — all  mutually  attracting.  Head- 
ing NE.,  {7),  the  blue  pole  of  F  tends  to  draw  the  needle 
to  the  east  as  at  m',  while  at  the  same  time  the  blue  region 
of  the  port  sphere  attracts  the  north  end  of  the  needle,  and 
the  red  region  of  the  starboard  sphere  the  south  end,  and 
the  needle  rests  in  the  meridian  as  at  ».  With  obvious 
modifications  similar  conditions  will  prevail  as  the  ship 
swings  round  the  circle. 

Wrought-iron  cylinders  or  tubes  are  used  to  compensate 
the  effect  of  transient  magnetism  in  vertical  soft  iron  rep- 
resented by  c  and/.  Figs.  441,  442,  and  444,  such  as  a  smoke- 
stack, rudder-post,  ventilator,  stanchion,  or  davit:  if  it  is 
the  upper  pole  of  the  disturbing  mass  that  affects  the  com- 
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Fig.   551. — Magnetic  Induction  by  the  Earth  in  Soft  Iron. 

{To  face  p.  1058.) 
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,pass,  the  compensating  cylinders  must  be  placed  so  that 
I  their  lower  poles  will  counteract  the  effect — that  is,  ver- 
'  tically  at  a  suitable  distance  from  the  compass  and  diamet- 
iricaliy  opposite  to  the  resultant  of  the  disturbance.  Con- 
|.versely,  if  it  is  the  lower  pole  of  this  that  acts,  the  upper 
ipole  of  the  cyhnder  must  be  used. 

'  For  compensating  the  effects  of  transient  magnetism  in 
■  soft  iron,  represented  by  g,  h,  k,  Figs.  437,  440,  443,  459, 
■and  537,  which  comes  into  action  when  the  vessel  heels, 
wrought-iron  cylinders  are  also  used. 

358.  What  is  effected  by  compensation. — With  the  hori- 
zontal and  vertical  components  of  the  Ship's  permanent 
magnetism  (P,  Q,  and  R)  neutralized  by  steel  magnets; 
.the  transient  magnetism  of  horizontal  soft  iron  (a,  b,  d,  and 
I  *)  overcome  by  cast-iron  spheres ;  the  transient  magnetism 
.  of  vertical  soft  iron  (c  and  /)  outside  the  axis  of  the  compass 
/counteracted  by  wrought-iron  cylinders  placed  vertically 
ifljid  symmetrically  to  the  disturbing  force;  and  the  tran- 
'  fiient  magnetism  of  the  soft  iron  {e,  g,  h,  and  k)  that  acts 
j  when  the  ship  heels  met  by  wrought-iron  tubes  suitably 
;  placed ; — with  all  this  accurately  done  after  careful  analysis 
and  computation  of  the  disturbing  forces,  the  compass 
may  be  considered  completely  compensated  for  the  ship, 
iboth  upright  and  heeled,  not  only  for  one  locality,  but  for 
i«,ll  regions  of  the  globe,  provided  the  conditions  ranain 
uncliaiiged.  But  they  will  not:  neither  the  permanent 
i  magnetism  of  the  ship  nor  that  of  the  compensating  mag- 
:  nets  will  continue  invariable ;  transient  magnetism  that 
cannot  be  compensated  will  periodically  arise  from  steering 
;  the  same  course  or  lying  in  the  same  direction  for  some 
time — it  is  temporary,  but  dangerous;  the  shock  of  waves, 
vibration  from  the  screw,  firing  of  the  battery,  violent 
.  strain  of  rolling  and  pitching,  and  nimierous  other  causes 
'  arise  to  alter  the  conditions  from  what  they  were  when 
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number  always  large  but  varying  with  the  deviations  to  be 
overcome. 

This  ensured  quite  a  uniform  field  in  the  region  of  the 
compass,  and  the  source  of  this  field  (at  a  considerable 
distance)  being  like  the  compass  itself,  provided  with  gim- 
bals, always  swung  parallel  to  the  card  and  never  acquired 
the  motion  of  the  ship. 

360.  Regarding  the  instrametits  used  in  compensating. 
A  central  force  may  be  defined  as  one  whose  power  is  con- 
centrated at  the  center  of  a  sphere,  and  which  decreases 
regularly  as  the  surface  of  this  sphere  enlarges,  the  observer 
being  always  on  the  enlarging  surface, 

Soimd.  Heat,  Light.  Gravity,  Electricity,  and  Magnet- 
ism are  all  central  forces:  the  intensity  of  sound,  heat,  and 
light,  and  the  force  of  gravity,  electricity,  and  magnetism, 
vary  inversely  as  the  squar  of  the  distance  from  the 
point  of  concentration,  and  the  formulas  applicable  to 
one  are  equally  so  to  the  others;  hence  the  propriety 
of  using  the  oscillation  of  a  magnetic  needle  to  deter- 
mine the  intensity  of  magnetism  in  the  same  way  that  we 
do  the  swinging  of  a  pendulum  to  ascertain  the  force 
of  gravity. 

Small,  short  needles  are  preferable  to  long  heavy  ones : 
their  store  of  moving  energy  is  less,  aiid  they  are  affected 
by  small  degrees  of  magnetic  force  which  the  mere  momen- 
timi  of  a  heavy  needle  would  pass  over. 

To  obtain  the  time  of  one  oscillation  from  a  series  of 
fifty  swings  without  stopping  is  more  accurate  than  from 
five  sets  of  ten  osciliations  each ;  for  we  thereby  incur  the 
error  incident  to  noting  only  one  start  and  one  stop,  instead 
of  the  errors  of  five  such  pairs ;  it  would  therefore  be  most 
desirable  to  have  a  small  pivoted  horizontal  needle  that, 
in  an  ordinary  magnetic  field,  would  make  fifty  oscillations 
between  an  arc  of  20°  at  beginning  and  5°  at  the  50th;  but 
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this  is  not  easy  of  attainment,  even  in  the  natural  field 
of  the  Earth. 

The  binnacle,  pelorus,  azimuth  circle,  horizontal  needle, 
and  balanced  needle,  instruments  tised  in  the  Navy,  are 
all  inspected  by  the  Superintendent  of  Compasses  to  ensure 
the  issue  of  only  reliable  ones  to  the  Service. 


CHAPTER   XXIX. 

COMPENSATION   OF  THE   COMPASS. 


'  Section  One  :   lUuBtratioa  of  Compensation  by  Means  of 

'  the    SCORESBY. 

361.  The  observations.  —  The  experiments  with  the 
ScoRESBv  have  the  advantage  of  exposing  to  view  the 
location  and  nature  of  the  material  that  is  the  seat  of  the 
disturbing  forces,  the  deviations  produced  by  these,  and 
the  means  taken  to  neutrahze  them :  the  observations  used 
in  this  chapter  were  made  in  1898;  they  exemplify  what, 
in  substance,  would  be  done  on  a  ship. 

The  same  compass,  No.  24025,  was  used  throughout: 
it  was  a  four-needle  Hquid  compass  of  the  type  described 
in  Part  Second — identical  with  those  used  in  the  Navy  for 
standard  compasses. 

The  following  was  the  condition  of  the  Scoresby  dur- 
ing the  experiments— Fig.   553,     The  vessel  is  pivoted  at 

I  P,  the  axis  of  rotation  being  the  prolongation  of  the  com- 
pass-pivot as  nearly  as  it  could  be  attained ;  the  wheel  W 
rolls  on  a  graduated  brass  circle  screwed  to  the  floor,  and 

I  by  means  of  the  handle  A'  the  vessel  may  be  swung;  the 
disturbing  magnetic  material  is  colored  red  and  purple,  the 
COMPENSATING   appliances,   green;    the   compass   is   repre- 

j      sented  by  a  single  red  arrow  at  A^  and  the  compensating 

L     magnets  in  the  starboard  angle  by  a  single  bar  H,  but  the 
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compass  was  the  fi>iir-needle  one  specified  above  and  there 
n-ere  four  cylindrica!  magnets  at  H. 

For  convenience  of  reference,  the  \'arious  stages  of  the 
pnxedare  are  numbered  within  parentheses  in  this  article. 
fi.)         Removed  all  iron  and  magnets  from  the  Scoresby 

and  its  \Tcimiy  to  the  comers  of  the  room,  so  that  only 
the  natural  field  of  the  Earth  (as  it  existed  in  the  room) 
should  affect  the  compass. 
(2.)         With  conditions  of  (i),  swung  the  vessel  on  i6 

points  and  obsen-ed  the  bearing  of  the  "electric  sun": 
on  different  points  it  \-aried  between  X.  33°  W.  and  N. 
34°  30' \V.  and  included  the  parallactic  angle;  to  indicate 
the  magnetic  direction  of  each  heading,  radii  to  the  brass 
circle  on  the  floor  were  drawn  with  chalk^keel  lines  of 
the  \'essel  while  on  each  heading. 

The  procedure  thus  far  would  correspond  to  determin- 
ing the  magnetic  bearing  of  a  distant  object;  it  is  likewise 
anal<^ous  to  finding  the  bearing  of  the  Sun  from  Azimuth 
Tables.  In  Utis  case  the  sun  was  fixed. 
(3,)  Removed  Compass  from  binnacle,  and  with  all  else 
as  in  (i).  placed  a  small  Horizontal  Needle  in  the  exact  sitt 
of  the  compass  and  obseT\'ed  ten  sets  of  ten  oscillations 
each,  noting  the  time  with  a  stop-watch  marking  quarter 
seconds.  The  needle  was  about  three  inches  long,  in  a 
bmss  case  covered  with  glass.  Amplitude  of  swing  about 
ao"  at  beginning.  Mean  ( T)  of  the  ten  sets  is  given  in  col. 
(3),  Table  94:  it  was  17.92  sec. 
(4.)         Removed  horizontal  needle  and  substituted  a  Dip 

Circle,  Fig.  168:  magnetic  conditions  otherwise  as  in 
(i).  obsen-ed  the  Dip  (67°  30')  and  ten  sets  of  oscillations, 
thr  plime  of  the  moving  needle  being  transverse  to  the 
meridian.  Amplitude  about  zo°  at  beginning.  Mean  (T) 
of  the  ten  sets  of  oscillations  is  given  in  col.  (4).  Table  94. 
<5.)         Removed    dip    circle,    and    substituted    BalanceJ 

Needle  in  plane  of  compass-card,  and  conditions  being 


otherwise  as  in  (i),  noted  point  of  bead  on  scale  (1.7), 
col.  (5),  Table  94,  when  the  needle  was  horizontal — see 
fig-  552. 
(6.)         Observations  (3),  (4),  and  (5)  correspond  to  the 

determination  of  same  quantities  on  shore  in  a  spot 
free  from  magnetic  disturbance. 
( 7 . )         Replaced   the   balanced    needle   by   compass   No. 

34025,  thus  restoring,  the  conditions  of  (i). 


3  }  0 
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(8.)        Now  placed  the  disturbing  material  as  follows  on 

the  vessel,  Fig,  553  : 
The  ship's  head  being  NE.  magnetic  both  by  compass 
and  radius  on  floor,  placed  three  thick  soft-iron  rods  at  .-1 , 
to  produce  both  semicircular  deviation  and  heeling  error: 
the  compass  now  indicated  a  heading  of  N.  38°  30'  E., 
thus  showing  the  effect  of  the  rods  to  be  6°  30'  easterly 
deviation.  These  rods  were  42  inches  long  and  inclined  at 
an  angle  with  the  vertical ;  their  nearest  ends  were  1 3 
inches  from  pivot  of  the  compass, 
(g.)         Next  put  a  hollow  soft-iron  sphere  B,  9  inches  in 

diameter,  forward  and  below  plane  of  compass-card, 
with  the  nearest  part  of  surface  18  inches  from  pivot:  its 
effect  was  to  cause  1°  30'  easterly  (quadrantal)  deviation, 
for  the  ship's  head  by  compass  was  now  N.  37"  E. 
{10. )  Then  placed  a  large  thick  plate  C  of  soft  boiler 

iron  in  the  horizontal  plane  of  the  needles  to  produce 
quadrantal  deviation :  its  nearest  end  was  14  inches  forward 
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of  the  compass,  which  now  indicated  N.  32"  E.,  showing  the 

effect  of  the  plate  to  be  5°  easterly  deviation. 

(11.)         Finally,  put  six  powerful  bar-magnets  D  onspar- 

deck,  horizontally,  forward  and  below  plane  of  needles 
and  inclined  to  the  fore-and-aft  line,  with  their  south  poles 
nearest  the  compass  and  at  a  distance  of  32  inches  from 
the  pivot:  these  magnets  were  19  inches  long.  The  com- 
pass indicated  a  heading  of  N.  10°  30'  E.,  thus  showing 
their  effect  to  be  i\°  30'  easterly  deviation.  During  the 
procedure  of  (8)  to  (11).  both  inclusive,  the  ship  had  been 
kept  blocked  on  NE.  magnetic.  The  (r^d-colored )  disturb- 
ing materials  E  and  F  were  added  subsequently  for  another 
purpose  and  will  be  described  further  on. 
{12.)  The    foregoing    completed    the    combination    of 

(pwr/'/i^-coIored)  disturbing  material,  and  with  it  in  posi- 
tion as  shown  in  Fig.  553,  but  wilhoitt  any  compensating  ap- 
pliances on  the  binnacle,  and  also  without  R  and  F.  swung 
ship  and  observed  the  bearing  of  the  electric  sun  on  each 
of  the  32  compass  headings,  resting  three  to  four  minutes 
on  each  point.  Comparison  of  these  bearings  with  those 
of  the  electric  sun  when  no  disturbing  matter  was  on  the 
vessels,  gave  the  deviations — Table  93.  All  this  pro- 
cedure is  clearly  analogous  to  steaming  in  a  circle  or 
swinging  at  compass-buoys,  and  observing  azimuths  of 
the  sun, 
(13.)         The  compass  was  now  removed  from  the  vessel; 

the  disturbing  material  A,  B,  C,  D  was  still  in  place 
just  as  when  the  ship  was  swung  for  TaVjle  93  ;  no  compen- 
sating appliances  (//,  V,  or  S)  were  on  the  binnacle,  neither 
was  E  nor  F:  and  under  these  conditions  jilaced  the  same 
horizontal  needle  employed  in  (3)  where  it  had  been  used 
there,  and  observed  the  times  of  five  sets  of  ten  oscillations 
each,  with  the  ship  headed  successively  on  the  eight  prin- 
cipal magnetic  points,  as  shown  by  radii  on  the  floor.  The 
mean  values  (T„',   7",',   7"/,  etc.)  of  these  observations  arc 
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given  in  col.  (3),  Table  94.     The  amplitude  of  oscillation 
began  at  about  20°. 


Table  93. 

ScoRuar'i  Heul  by 

DevUtion*  of 

Condition  of 

DevUtion  from 

C«niw»No.  1401J. 

Compaii  No.  34015. 

CompMsNo.  MO.j, 

^"±^,1. 

(.) 

(i> 

(31 

(41 

N. 

39"  30'   E. 

Steady. 

+  0°   IS' 

N.  by  E. 

36    30    E. 

Steady. 

+  4     30 

N.  NE. 

40    00    E. 

Steady. 

+  6     ii 

NE.  by  N. 

40    30    E. 

Steady. 

+  7     30 

38    30    E. 

Steady. 

+  8     IS 

NE.by  E. 

34    00    E. 

Unsteady. 

+  7     45 

E.  NE- 

IB     30     E. 

Very  unsteady. 

+  5      .i3 

E.  ^N. 

I.     30    E. 

Very  unstrddy. 

+  3     00 

.5    00    E. 

Very  unsteady. 

E.  by  S. 

E.  SE. 

3    30    E. 

Very  unsteady. 

0    30    W. 

Very  unsteady. 

aE^g,E. 

7    00    W. 

Very  unsteady. 

.4    00    w. 

Very  unsteady. 

SE,  by  S. 

20    00    w. 

Very  unsteady. 

S.SE, 

24     00     W. 

Unsleady, 

S,  bj-E. 

2;     00     \\\ 

Utisteady. 

29     00     W, 

Steady, 

S.  by  W. 
S.SW. 

»8     30     W. 

Steady 

26    30    w. 

Steady 

SW.  by  S. 

24     JO     W. 

Steady 

SW. 

II    00    w. 

Steady 

SW.  by  W. 
W.  SW. 

10     30     W. 

Stead> 

IH     00     W. 

Steady 

W.  by  S. 

16    00    w. 

Steady 

■5      30     W. 

Sieady 

W.  by  N. 

.3   30   w. 

Steady 

W.  NW. 

11   «.   w. 

Steady 

NW.  byW. 

7     00     W. 

Steady 

NW. 

I    30    w. 

Steady 

NW.  by  N. 

N.  NW. 

3     3"     E. 

Steady 

12    00    E. 

Steady 

N.  by  W. 

30    30    E. 

Steady. 

(14.)  Removed  the  horizontal  needle  and  substituted 
the  dip  circle  as  in  {4),  and  with  everything  else  as 
described  in  (13}.  observed  the  times  of  five  sets  of  ten 
oscillations  each,  the  needle  swinging  in  the  vertical  plai 
transverse  to  the  lines  of  horizontal  force  while  the  ship 
headed  as  stated  in  (13) :  amplitude  about  ao°.     The  mean 
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values  {T",  T",  etc.)  are  given  in  col.  {4),  Table  94;  and 

since  all  are  less  than  the  value  due  to  the  Earth's  field 
alone,  thoy  show  a  downward  pull  by  the  ship. 


Table 
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1.5784 

8)8. 197s 

- 1  .OJ47 

(15.}  Removed  the  dip  circle  and  put  the  balanced 
needle  in  the  place  it  occupied  in  (5}.  Condition  of 
ship  same  as  in  {13}  and  (14).  The  needle — pointing 
north — now  dipped,  so  that  the  bead  had  to  be  moved  to 
2.1  of  the  scale  in  order  to  make  it  level — thus  showing  a 
downward  pidl  by  the  Ship,  and  agreeing  (as  it  should} 
with  the  oscillations  of  the  vertical  needle. 

362.  The  Ship's  YCrtical  force  exerts  a  pull  or  a  thrust 
on  the  compass. — Consider  Fig.  555:  it  represents  a  ship 
whose  forward  body  is  pervaded  by  red  polarity,  and  after 
body  by  blue ;  these  are  injected  into  the  natural  field  of  the 
Earth  represented  by  black  arrows  E:  as  the  ship  swings 
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round,  the  resultant  vertical  force  acting  on  the  north  end 
of  the  needle  C  will  vary^-as  may  be  inferred  from  Fig.  555. 

If  the  compass  at  C  be  near  the  neutral  line  and  the 
ship  head  north,  there  will  be  a  thrust  from  both  polarities 
of  the  ship  on  the  respective  ends  of  the  needle :  in  northern 
latitudes  the  red  polarity  tends  to  neutralize  the  Earth's 
field,  while  the  blue  adds  to  it,  and  the  thrust  is  unequal 
on  both  ends.  The  arrows  of  the  blue  polarity  are  point- 
ing downward,  to  represent  a  pull  on  the  twrth  end  of  the 
needle  and  consequently  a  thrust  upon  its  south  end. 

Heading  south,  there  would  be  a  pull  on  both  ends,  and, 
for  a  reason  similar  to  the  foregoing,  it  would  be  unequal 
on  both  ends  of  the  needle. 

Between  these  north  and  south  headings  many  degrees 
of  pull  and  thrust  may  cK-cur. 

If  the  compass  be  at  L  entirely  over  the  red  region, 
this  will  exert  a  continuous  thrust  on  the  north  end  of  the 
needle — ^that  is,  the  resultant  directive  force  of  Ship  and 
Earth  will  be  less  than  the  latter  alone;  on  the  other  hand, 
if  the  compass  be  at  M  entirely  over  the  blue  region,  this 
will  exert  a  continuous  pull  on  the  north  end  of  the  needle — 
that  is,  the  resultant  directive  force  of  Ship  and  Earth 
will  be  greater  than  the  Earth  alone:  in  these  two  cases 
either  thrust  or  pull  will  be  nearly  uniform  in  all  azimuths 
because  of  the  small  area  of  the  field  acting  on  a  short 
needle.  This  fact  was  experimentally  established  as  fol- 
lows: 

When  the  bead  was  placed  at  2.1  of  the  scale,  as  stated 
in  (15),  its  weight  at  the  increased  leverage  (from  1.7) 
counteracted  the  magnetic  pull  of  Earth  and  Ship  when 
latter  headed  north.  Then  without  disturbing  the  bead, 
and  while  the  ship  continued  blocked  on  N.,  turned  the 
instrument  round  a  central  vertical  axis  so  that  its  needle 
pointed  successively  in  all  azimuths — it  remained  level  on 
all.     Secondly,  still  without  disturbing  the  bead,  and  with 
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the  needle  constantly  pointing  toward  the  how  of  the  vessel, 
swung  this  through  a  circle — and  the  needle  still  remained 
level  on  every  heading. 

In  the  first  case,  the  relative  directions  of  needle  and 
ship's  force  changed  at  every  azimuth,  while  in  the  second 
the  relative  directions  of  both  remained  the  same:  the 
observations  are  given  in  col,  {5).  Table  94.  Fig.  555  is 
greatly  exaggerated  to  render  the  matter  clear. 

363.  The  steady  and  unsteady  arcs  of  an  uncompensated 
compass. — In  col.  (3),  Table  93,  the  motion  of  the  compass 
while  swinging  ship  is  described :  it  will  be  considered  in 
connection  with  Fig.  554.  From  E.NE.  to  SE.  by  S.  the 
card  scarcely  came  to  rest,  and  had  to  be  closely  watched 
for  some  time  to  get  an  average  bearing  of  any  accuracy — 
the  least  disturbance  made  it  oscillate  through  several 
degrees.  In  this  unsteady  arc  the  directive  force  was 
greatly  diminished  as  will  be  seen  by  cols.  [$)  and  (6), 
Table  94.  Furthermore,  by  Fig.  554,  in  this  part  of  the 
circle,  seven  compass-points,  E.  by  N.  to  SE.  by  S,,  are 
crowded  into  the  space  of  tliree  7nagnettc  points— the  com- 
pass indicated  a  change  of  heading  of  79°.  but  the  arc  passed 
over  was  only  34°.  Throughout  what  is  marked  the  steady 
arc  on  Fig.  554,  the  card  came  quickly  to  rest,  tibservations 
were  speedy  and  accurate,  and  the  change  of  heading  by 
compass  corresponded  fairly  with  the  absiilute  change  in 
space.  The  inner  radii  are  magnetic  points;  the  outer, 
compass-piints.  Cols.  (3)  and  (6),  Table  94,  show  that 
in  this  steady  arc  the  directive  foree  was  increased.  The 
conditions  here  described  are  typical  of  what  will  be  ex- 
perienced on  every  ship,  in  varied  degree,  according  to  her 
magnetic  character  and  the  location  of  the  compass. 

The  foregoing  completed  the  observations  for  Deviation 
and  Force. 

364.  Computations  based  on  the  observations.— The 
deviations  of  Table  93  were  now  transcribed  to  Form  10 
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and  analyzed;  as  the  process  has  been  already  illustrated, 
only  the  results  in  the  present  case  need  be  given ;  they  are; 
a=-.ooi7  (7) 
S)  =  +.i467  (10) 
B-+i5^54'  (13) 
£-+o°3i'     (16} 

Fig.  556  illustrates  col.  (2),  Table  93. 
For  calculating  X  three  methods  offer:  first,  by  con- 
struction— using  the  observations  of  cols,  (aj  and  (3), 
Table  94,  for  any  two  diametrically  opposite  headings; 
SECOND,  by  computation — using  the  coefficients  (7)  to  (11) 
above,  together  with  the  observations  in  cols.  (2)  and  (3), 
Table  94,  for  any  one  heading  of  col.  (i),  and  employing 
/ormula  (258),  p.  944;  and  third,  also  by  computation  — 
using  all  the  data  of  cols,  (i),  (2),  (3),  Table  94,  and  employ- 
ing formula  (259),  page  945. 

The  first  and  second  methods  have  been  illustrated 
numerically  elsewhere ;    and  the  third  will  now  be  used. 

It  will  be  recalled  that        tTi^T/ (^^J 

The  deviations  of  col.  (a).  Table  94,  are  taken  from  Pig.  556. 

Substituting,  then,  the  requisite  quantities  in  formula 
(2S9)i  P-  945.  we  find  ^  =  1.0247.  It  was  also  determined 
by  construction,  using  the  observations  on  NW,  and  SE., 
and  found  to  be  1.054 — ^  value  less  accurate. 

On  whatever  compass-point  it  may  be  decided  to  head 
the  ship  while  compensating  by  the  Component  method, 
the  Quadrantal  Deviation  on  that  point  must  be  calculated ; 
■  and  formula  (120),  p.  880,  affords  the  means  of  doing  it, 
by  using  only  those  terms  that  express  the  quadrantal 
deviation:  representing  this  by  5,,  and  reproducing  the 
necessary  part  of  (120),  we  have 

3). sin  2C-f®.cos  2; 

S.sin  2^' 


(19) 
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is  customary  to  omit  the  terms  containing  S, 

i-r  thu  result  only  slightly;  but  they  will  be  used 

ilustrate  the  computation,  5,  will  be  found  for 

!;ii  (;'l  S.  by  W.:  by  Table  93,  the  total  devia- 

:ii^  IS  28'  30'  W. ;    hence  the  corresponding  mag- 

.■l^^.■   (;)  is  S,  17°  15'  E.,  or  ^=-162°  45'  and  2^  = 

1      and  its  required  functions  are: 

"3o'  =  sin(36o°-34''3o') sin  34" 30' — .5664;   (20) 

•HflS^io'^t-os  f36o°~34°3o')  =  cos34°3o'='+.824i.   (21) 

tfliluting  in  (19)  the  values  from  {10),  {11),  (20),  and 
L}t  becomes 

_  i(  +  .i467)(-.5664)l  +i(  +  .oo92)(  +  .824i)i 
H-l(+-i467)(  +  .8J4i)|-t{  +  .oo92)(-. 5664)1 
f--o34i)  +  (  +  .oo75)     _-?i0766_ 


i  +  (  +  .ii9S)-(--oo53) 

lence  5,  =  —  3°  54';  and  this  is  the  amount  of  the  quad- 
I  deviation  to  be  corrected  by  the  spheres  when  the 
1  is  headed  S.  by  W.  per  compass  for  the  purpose  of 
Icompensating.     When  observations  are  made  on  32  points 
land  the  results  analyzed,  the  quadrantal  deviation  on  each 
becomes  known — col.    (12),   Form    lo^and  then  it 
I , Unnecessary  to  calculate  it  by  eq.  (19), 


Section  Two :  Regarding  Compensation  in  General. 


365.  The  order  in  which  to  compensate  the  parts  of  the 
I  deWatioD. — ^The  combination  of  disturbing  forces  on  the 
I  ScoRESBY,  Fig.  553,  produces  a  definite  magnetic  field 
[  Ttround  the  compass,  and   the   instant  we  inject  into  it  a 

r  field  from  a  compensating  magnet,  that  instant  we 
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change  it,  and  the  next  corrector  has  not  quite  the  oripnal 
conditions  to  deal  with.  If  the  semicircular  deviation  be 
corrected  first,  the  magnets  will  produce  induction  in  the 
spheres  when  put  on,  just  as  the  Earth  will:  the  spheres 
gather  up.  the  lines  of  force  from  the  magnets  and  pass  them 
on,  much  in  the  same  way  that  a  lens  does  light. 

On  the  other  hand,  if  the  spheres  be  applied  first — ^and 
this  seems  the  proper  course,  for  we  thereby  correct  the 
real  quadrantal  deviation  of  the  ship — then  an  error  is 
liable  to  arise  from  the  effect  upon  the  spheres  of  the  mag- 
nets when  these  are  introduced. 

Similarly,  with  the  heeling  magnet — it  has  an  effect 
upon  the  spheres. 

The  matter  is  complicated,  but  experience  will  enaUe 
the  navigator  to  determine  the  order  in  which  best  to  apply 
the  correctors. 

After  the  spheres  it  would  be  natural  to  correct  the 
effect  of  vertical  soft  iron  by  a  Flinders  *  bar  and  a  tube  to 
neutralize  k\  but  this  is  impracticable,  as  the  ship  must 
proceed  to  a  port  where  the  change  in  the  magnetic  ek- 
ments  affords  data  for  estimating  the  amoimt  of  the  cor- 
rection required.  In  placing  the  magnets  a  vertical  plane 
should  pass  through  the  compass-pivot  and  their  middk 
points,  whether  they  are  laid  in  the  starboard  angle  of  the 
resultant  method,  or  fore-and-aft  and  athwartships  as  in 
the  component  method.  The  axis  of  heeling  correctors 
must  coincide  with  the  vertical  line  through  the  compass- 
pivot  when  the  ship  is  on  an  even  keel.  The  horizontal 
plane  through  the  needles  must  i)ass  through  the  centeis 
of  the  spheres,  and  the  acting  pole  of  the  Flinders*  bar: 
the  pole  is  about  tV  the  length  of  the  bar  from  its  eiE- 
trcmity.  The  constant  error  is  seldom  compensated,  bat 
remains  as  part  of  the  residual  deviations. 

366.  The  magnetic  condition  summnding  a 
compass. — At  the  location  of  the  con 


antagonistic  fields — one  due  to  the  disturbing  forces  of  the 
ship,  the  other  to  the  correctors;  and  it  would  be  strange 
indeed  if  their  balance  could  be  adjusted  to  a  nicety;  or. 
if  once  attained,  could  continue  under  the  varying  mag- 
netic conditions  the  ship  encounters,  or  the  shock,  vibra- 
tion, and  rough  treatment  she  receives  from  wind  and 
wave. 

The  endeavor  to  compensate  with  exactitude  on  anew 
ship  will  meet  with  disappointment;  the  surcharge  is  still 
in  the  structure — it  dissipates  slowly — -and  during  the 
transition  period  the  deviations  change  from  day  to  day. 
With  such  a  ship  several  rapid  circles  should  be  made 
with  each  helm  before  compensating,  or  even  observing 
for  deviations,  in  order  to  shake  out  loose  magnetism  and 
get  down  to  a  somewhat  stable  condition. 

367.  General  rule  as  to  size  of  magnets  and  their  dis- 
tance from  the  compass. — -The  term  of  the  semicircular 
deviation  due  to  hard  iron  being  appropri;aely  neutralized 
by  magnets,  these  may  be  used  either  in  variable  number 
at  a  fixed  distance,  or  in  definite  number  at  a  variable  dis- 
tance; the  first  is  decidedly  best,  and  the  distance  should 
be  the  greatest  the  binnacle  will  allow.  Then  quite  a  uni- 
form field  emanating  from  them  will  surround  the  compass 
and  spheres — affect  both  alike— and  not  be  liable  to  break 
the  balance  of  compensation.  The  same  is  true  of  the 
heeling  magnet :  it  should  be  thick  and  at  a  distance,  rather 
than  long,  thin,  and  close  under  the  compass. 

368.  To  determine  the  strength  of  the  magnets  for  com- 
pensating by  the  resultant  method. — ^The  correctors  to  be 
used  can  be  determined  beforehand. 

Take  ashore  a  compass,  azimuth  circle,  tripod,  pelorus, 

a»d  a  quantity  of  magnets,  spheres,  and  heeling  correctors. 

j'ind  a  spot  free  from  magnetic  disturbance,  and  leave  the 

inagnets  and  spheres  well  outside  its  area. 

■j       Set  up  the  compass  in  the  spot  and  lav  out  a  meridian 
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:  right  angles  to  it — both  through  the  compass- 
le  the  pelorus  centrally  beneath  the  compass, 
ind,   so  that  its  cardinal  points  shall  coincide 
ridian  and  the  E.-and-W.  line. 
Itant  disturbing  force  {K)  of  the  ship  and  the 


Fig.  557. 
tglc   (a)  of  its  direction  are  given  by  equations  (77)  and 


(78),  page  871,  as  follows 

i^  =  v'S"N^lP.   .     .     .     (22);    and    tana=7^ 


in) 


This  force  is  exerted  in  the  field  around  the  compass,  de- 
noted by  X,  and  it  produces  a  deflection  equal  to  the  angle 
whose  tangent  is  ^\/S'^-t£^  since  (as  shown  in  Part  Second) 
the  strength  of  a  magnet  may  be  represented  by  the  natural 
tangent  of  the  deflection  it  produces  in  a  specific  field:  to 
neutralize  R,  therefore,  we  must  find  a  certain  nimiber  oi 
magnets  equal  to  it. 


EBSULTANT  METHOD. 


Let  the  distance  at  which  they  are  to  be  placed  from 
the  needles  be  thirty  inches.  Then  in  Fig.  557,  C  is  the 
compass  and  P  the  peloms:  upon  its  rim  lay  two  magnets 
on  the  diameter  through  the  angle  a;  they  will  deflect 
the  card;  lay  two  others  beside  them,  and  continue  adding 
pairs,  one  on  each  side,  until  the  deflection  is  equal  to  the 
angle  whose  tangent  is  ^v'S*+S^;  then  these  are  the  par- 
ticular magnets  to  be  used  on  board — to  be  placed  centrally 


Fio.  558. 
and  symmetrically  beneath  the  compass,  in  the  starboard 
angle  a,  and  thirty  inches  from  the  card:    they  will  com- 
pensate the  semicircular  deviation  on  whatever  course  the 
ship  be  put. 

The  above  is  the  mode  of  determining  the  number  of 
magnets  for  a  stated  distance;  that  of  ascertaining  the 
distance  for  a  definite  number  of  magnets  is  obvious. 

Analysis  of  a  table  of  deviations  affords  the  data  for 
calculating  the  quantities  K  and  «. 

369.  To  determine  the  magnets  for  the  compooent. 
method. — This  is  merely  to  find  two  groups  of  magnets 
equal  to  the  components  9i  and  G  at  right  angles  to  each 


other,  into  which  the  resultant  VS'  +  S'  of  the  preceding 
article  is  resolved :  they  are  determined  in  a  similar 
way. 

In  Fig.  558,  lay  two  magnets  across  the  meridian,  cen- 
ters on  it,  and  thirty  inches  from  the  compass-pivot— 
they  will  deflect  the  card :  continue  to  add  magnets  until  the 
deflection  is  equal  to  the  angle  whose  tangent  is  i .  S?,  and 
these  are  the  magnets  for  neutralizing  S.  They  are  to  be 
placed  horizontally  fore-and-aft,  on  either  side  of  the  com- 
pass, below  or  above  it,  centers  on  the  transverse  line 
in  vertical  plane  through  pivot,  and  thirty  inches  from 
this. 

Remove  these  magnets  to  a  distance,  and  in  like  manner 
find  another  group  which  will  produce  a  deflection  equal 
"to  the  angle  whose  tangent  is  ^.S,  and  they  are  the  ones 
for  neutralizing  S ;  to  be  placed  athwartships,  forward  or 
abaft  the  compass,  above  or  below  it,  centers  on  midship 
line,  and  thirty  inches  from  compass-pivot. 

When  these  correctors  of  5*  and  E  are  thus  placed,  they 
will  compensate  the  semicircular  deviation,  on  whatever 
course  the  ship  be  headed — it  is  not  necessary  that  she  be 
put  on  North  or  South,  East  or  West,  magnetic  for  the 
purpose. 

370.  To  detennine  strength  of  heeling  magnet.— ^Usually, 
the  whole  amount  of  the  Heeling  Error  is  corrected  at  first 
by  magnets. 


r 


To  determine  the  strength  of  these,  place  as  in  Fig.  559 
one  due   East  of  compass   in   plane  of  needles,  blue  pole 
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toward  them,  and  24  inches  from  pivot,  if  that  be  the  dis- 
tance decided  upon  for  the  nearest  extremity  of  the  cor- 
rector when  in  the  binnacle. 

A  deflection  will  occur;  add  magnet  by  magnet  until 
it  reaches  the  angle  ^  whose  natural  tangent  is  to  be  com- 
puted by  eq.  (26),  p.  1084:  then  this  is  the  bundle  of 
magnets  to  be  used, 

371.  To  determine  size  of  spheres  and  soft-iron  rods  for 
correctors. — Place  two  spheres,  as  in  Fig.  560,  equally  dis- 


. 


w 


Fir.  560. 
tant  NE.  and  SW.  of  the  compass;  move  both  toward  it 
until  a  deflection  occurs  equal  to  the  maximum  quadrantal 
deviation  found  by  analysis  of  the  deviations.  It  is  better 
to  have  large  spheres  at  a  considerable  distance  than  small 
ones  close  to. 

The  size  and  distance  of  the  Flinders'  bar  F,  and  soft 
iron  corrector  for  k  may  be  determined  in  a  similar  way: 
place  the  tube  or  cylinder  E.  or  W.  of  the  compass  at  the 
distance  it  is  decided  to  have  it  in  on  board — it  should  not 
be  very  close^and  add  other  tubes  until  they  produce  the 
deflection  previously  calculated. 

372.  Destructive  surroundings  of  compasses.^ — In  the 
examples  of  experimental  work  with  the  Scoresby  de- 
scribed in  this  chapter,  it  will  be  seen  that  the  disturbing 
combinations  were   devised  for  a  crucial  test;   in  one  case 
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the  maximum  deviation  was  40°  30',  and  the  least  value 

of  the  directive  force  0.4476;  in  another,  the  deviation 
reached  54°,  and  directive  force  fell  to  0.255;  it  is  to  be 
hoped  that  few  compasses  are  subject  to  such  destructive 
influences,  yet  these  were  brought  well  luider  control  and 
only  small  residuals  remained. 

This,  however,  is  not  a  plea  /or  compensation — quite 
the  contrary — it  is  a  plea  against  its  necessity,  and  merely 
to  illustrate  how  a  bad  situation  is  met.  On  a  skip  it 
would  be  far  better  not  to  create  the  situation — that  naval 
architects  would  realize  the  importance  of  placing  the  com- 
pass midst  such  non-magnetic  material  as  to  leave  it  approx- 
imately in  the  natural  field  intended  for  it. 

An  actual  example  of  vicious  surroundings  is  affortled 
by  the  Atlanta's  steering  compass,  Table  74;  the  devia- 
tions contain  both  sextantal  and  octantal  terms  of  con- 
siderable amount. 

Even  with  a  compass  favorably  located,  such  terms 
will  arise  from  too  close  proximity  of  the  magnets  and 
spheres^consequent  upon  interaction  between  them  and 
the  needles;  these  must  have  sotije  length — not  be  the 
"infinitely  small"  (and  useless)  particles  of  theory — and 
their  value  should  not  be  destroyed  by  concentrated  fields 
of  correctors  at  close  range. 

373.  Regarding  heading  of  ship  on  which  to  compensate 
by  the  resultant  method.— With  the  Resultant  method,  wc 
may — theoretically — head  the  ship  on  any  compass-point 
and  perform  the  compensation :  so — theoretically— the  lati- 
tude, longitude,  and  azimuth  can  be  determined  at  any 
time  of  day;  but  it  is  well  known  that  great  inaccuracy 
attends  observations  for  the  last  two  near  the  meridian, 
and  for  the  first  near  the  prime  vertical. 

An  analogous  condition  exists  with  regard  to  com- 
pensation :  it  cannot  be  done  equally  well  on  all  headings — 
not  that  there  are  (as  with  the  navigation  problem)  certain 


points  that  of  themselves  are  liable  to  inaccuracy  and  others 
not ;  but  because  of  the  relative  juxtaposition  of  the 
mechanical  correctors  user!,  and  the  direction  of  the  needles 
with  regard  to  them  on  some  courses:  this  condition  will 
vary  somewhat  with  every  ship,  and  the  best  and  worst 
points  will  vary  accordingly. 

Generally  it  will  be  best  to  compensate  on  a  heading 
having  a  moderate  deviation  and  mean  directive  force  and 
where  the  magnets  and  spheres  make  quite  an  angle  with 
the  direction  of  the  needles — if  such  a  combination  can  be 
found ;  the  matter  will  he  illustrated  in  subsequent  articles. 

374.  Advantages  derived  from  compensation. — It  is  seen 
by  col,  (6),  Table  94,  that  the  value  of  the  directive  force 
varies  extremely  on  different  headings;  on  some  the  card 
is  apathetic  and  hstless  as  to  coiu^^on  others  it  is  alive, 
nervous,  and  tenacious  of  direction;  also,  by  Fig.  554,  a 
large  number  of  compass  points  arc  crowded  into  the 
space  of  a  few  magnetic  courses:  all  this,  compensation 
remedies — the  directive  force  is  equalized  on  all  points,  1 
and  when  a  change  of  course  is  made  per  compass,  the  j 
ship's  head  actually  swings  over  the  arc  indicated. 


Section  Three:    CompenBatloiL  of  the  Heeling  Error. 


375.  The     balanced    needle  —  its     principle    and    use. 

In  paragraphs  (4},  (5),  (14),  and  (15)  of  Art.  361,  examples 
are  given  of  the  obser\'ations  necessary  to  determine  the 
vertical  force  that  causes  heeling  error:  the  obser\-ations 
are  to  be  made  on  the  ship  and  on  shore  with  one  of  two 
kinds  of  instrument — an  oscillating,  or  a  balanced,  needle. 
The  latter  has  an  axle  through  its  center,  and  a  small 
sliding  weight  or  bead  on  one  arm ;  it  is  enclosed  in  a  brass 
box  covered  with  glass  having  a  horizontal  scale  by  which 
the  position  of  the  bead  may  be  noted — Fig.  552. 
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Placed  in  the  Earth's  field,  in  the  meridian,  Fig.  561. 
the  needle  dips  on  account  of  the  vertical  force  Z,  and  the 
bead  must  be  moved  to  1.7.  for  example,  to  make  it  level; 
taken  on  board  and  placed  in  the  meridian  in  the  exact 
spot  of  the  compass  (this  having  been  removed),  it  will  dip 
more,  Fig.  562,  because  of  the  combined  pull  Z^  of  Sliip 


-> 


Fic,  561. 


Fro.  56J. 


and  Earth;  and  the  bead  must  be  moved  to,  say,  a.i  of 
scale  to  restore  level.  The  ship  may,  however,  exert  an 
upward  thrust — then  the  dip  will  be  less — and  the  bead 
must  be  moved  toward  the  axle.  The  principle  is  there- 
fore a  balancing  of  gravity  against  magnetism. 

This  vertical  force  of  the  ship — either  pull  or  thrust — 
is  determined  en  bloc  by  the  observations,  and  the  separa- 
tion of  its  two  parts,  and  correction  of  that  due  to  soft  iron 
must  be  deferred  until  the  ship  has  made  such  change  of 
position  as  will  afford  data  for  estimating  its  amount:  it 
is  represented  by  the  rod  k,  whose  value  is  found  by  eq. 
(468),  p.  IQ26,  and  its  mechanical  correction  is  entirely 
analogous  to  that  of  the  other  vertical  soft  iron  by  a  Flinders " 
bar.  With  the  view  of  doing  this  eventually,  the  oscillating 
needle  should  be  used  at  first ;  the  balanced  needle  is  more 
of  a  temporary  expedient. 

When  the  whole  of  the  semicircular  deviation  (ship 
upright)  is  corrected  by  magnets,  the  compensation  is  good 
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for  the  locality  only  where  it  was  performed;  so  also  | 
with  the  heeUng  error  if  similarly  dealt  with;  but  if  the 
parts  of  each  be  separated  and  accurately  compensated — 
that  due  to  hard  iron  by  magnets,  and  that  to  soft  iron  by 
a  Flinders'  bar  and  a  tube  to  neutralize  k,  then  the  com- 
pensation should  hold  good  for  all  parts  of  the  globe. 

376.  Connectioii  between  the  heeling  error  and  the 
quadrantal  deyiation, — From  pages  879  and  1018  we  have 
the  following  equations: 


't-^\ 


(=4);  7  = 


(25) 


The  first  expresses  the  principal  part  of  the  quadrantal  de- 
viation, and  the  second  that  of  the  heeling  error:  both  have 
«  as  a  basis — in  part :  to  ascertain  the  nature  of  their  con- 
nection consider  Figs.  563,  564,  and  565. 


Fh3.  563-  FtG.  564,  Fio,  565. 

In  563,  as  the  ship  swings  to  the  eastward,  the  star- 
board end  of  —e  becomes  a  blue  pole,  and  the  port,  a  red; 
and  both  conspire  jointly  with  +  o  to  cause  easterly  quad- 
rantal deviation,  or  +  2).  If  the  spheres  be  on  the  binnacle, 
this  horizontal  effect  of  -^  will  be  neutrahzed:    now  note 


I     tnis  ftortz 


1084  COMPENSATION    OF    THE    COMPASS. 

what  occurs  with  the  ship  heeled  to  port  and  heading  north 
Fig.  564;  the  upper  end  of  —^  becomes  a  blue  pole  and  the 
lower,  a  red;  and  both  turn  the  card  to  the  high  side  of 
the  ship.  But  the  spheres  being  in  place,  the  lower  forward 
half  of  the  starboard  one- — a  red  region^ — repels  the  north 
end  of  the  needle,  and  the  upper  after  half  of  the  port 
sphere — -a  blue  region— repels  its  south  end,  and  thus  they 
tend  to  make  it  return  to  the  meridian.  Compensation  of 
the  quadrantal  deviation,  therefore,  annuls  some  of  the 
heeling  error  and  hence  should  be  performed  first. 

Fig.  565  is  one  of  the  spheres  viewed  from  the  west; 
its  polarity  is  explained  in  connection  with  Fig.   551. 

377.  To  compute  the  strength  of  the  magnet  required  to 
correct  the  heeling  error.^There  are  three  methods  of 
detemiining  the  strength  of  this  magnet:  ist,  by  the 
deflection  it  produces;  2d,  by  balancing  its  force  against 
gravity;  and  3d,  by  the  change  it  causes  in  the  time  of 
oscillation  of  a  vertical  needle. 

Denote  the  power  of  the  magnet  at  a  specific  distance 
by  -1/;  it  must  be  equal  to  —],  the  heeling  coefficient; 
hence  from  eq.  (452),  page  1023,  we  have. 


-7  =  ^3)  +  ^-- i)  tan  tf  = 


il/=tan  ^. 


The  strength  of  a  magnet  at  a  certain  distance  east  of  a 
needle  being  equal  to  the  natural  tangent  of  the  deflection 
(0)  it  produces,  compute  tan  0  by  {26)  and  then  proceed 
as  in  Art.  370;  by  this  means  we  get  M,  the  magnet 
required  to  neutralize    —]. 

In  (26)  1!  is  the  dip  on  shore,  either  observed  or  taken 
from  a  chart;  ^  and  J  are  determined  by  observations 
similar  to  those  described  in  paragraphs  (3),  (4),  (13), 
and  (14),  Art.  361;  and  3)  is  derived  from  a  table  of 
deviations. 
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3  to  be  placed  in  the  vertical  axis  through  1 
the  compass-pivot  with  its  nearest  end  at  the  same  distance  j 
below  the  needles  that  it  was  from  the  compass  while  I 
deflecting:  red  pole  up  if  the  ship's  force  be  a  pull — blue  ' 
pole  up  if  a  thrust. 

378.  To  compensate  from  obserratioos  with  balanced 
needle.— In  the  second  and  third  methods,  two  cases  may 
arise  in  each— spheres  on,  or  off,  the  binnacle. 

I .  Spheres  off:  Let  the  scale  division  of  the  bead  with 
needle  level,  on  shore,  be  n;  and  on  board,  «■':  their  ratio 

Z' 
is  that  of  ■=-,  the  vertical  force  in  both  places,     The  mean 

value  of  this  has  been  denoted  by  /i,  hence 


To  derive  the  last  member,  if  in  (26)  we  make 
S  +  7-r^o 


n 


(28) 


it  will  reduce  —J  to  zero,  that  is,  compensate  the  heeling 
coefficient;   hence  from  (28) 


,.-J(i-3)), 


and  from  (27) 


.^.(i- 


(»9) 


(30) 


2.  Spheres  on:  Fig.  563  shows  that  when  the  quadrantal 
deviation  is  compensated — -reducing  eq.  (24)  to  zero — a 
portion  of  —  ^  equal  to  +a  is  annulled,  leaving  only  a  part. 
if  any,  of  —^  as  a  contributor  to  the  heeling  error;  that  is, 
with  spheres  on,  e  =  a  .  .  .  {31)  and  by  (251)  and  (352), 
page  939,  eq.  (27)  above  becomes 


4 
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(3a) 


The  computation  and  procedure  is  the  same  as  with  the 
spheres  off. 

379.  To  compeosate  from  observations  with  oscillatiDg 
needle. — 1.  Spltercs  off:  By  observations  similar  to  para- 
graphs (4)  and  {14),  Art.  361,  we  obtain 


(33) 


Substituting  for -=  its  value  from  eq,  (459),  p.  1025,  we  have 


r 

t"' 


h      _ 

tan.ff'^ 


(34) 


Omitting  the  term  containing  h  as  too  small  to  affect  the 
result  materially.  (34)  becomes 


T"  — 


V/i+g.cot  ff  .cos  f 
Substituting  the  value  of  [t  from  (29),  we  have 
T 


T". 


(35) 


(36) 


V-l  {i-®)+g.cot  C.cos  c 
Heading  the  ship  E.  or  W.  magnetic,  cos  C  becomes  zero, 


and  then 


T". 


VA(i-S)' 


(37) 


And  this  is  the  form  in  which  the'eqiiation  would  generally 
be  used,  as  the  ship  could  nearly  always  be  put  E.  or  W., 
or  within  a  few  degrees  of  it,  which  would  suffice.     T"  is 
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the  time  in  which  the  needle  must  make  ten  oscillations 
under  following  conditions:  vertical  needle  in  exact  site 
of  compass,  and  placed  so  that  plane  of  oscillation  is  across 
ireridiati;  ship  heading  east  or  west  magnetic,  or  nearly 
so;  magnet  end -on  centrally  beneath  compass,  red  pole 
up  if  oscillation  is  too  fast — blue  pole  if  too  slow;  move 
magnet  up  or  down  until  exact  time  T"  is  attained,  when 
fix  the  magnet  at  that  point,  and  the  heeling  error  is  com- 
pensated. 

2.  Spheres  on:    the    only  change    occurs  in  eq.    (37), 

T 
which  becomes  T"  =  -  -  ■  -;=== fag) 

If  the  ship  cannot  be  headed  east  or  west,  for  the  method 
of  this  article,  eq.  (36)  must  be  used,  and  then  g  must  be 
known. 


Section  Four;  Compensation  of  the  Semicircular  and  Quadrantal 
Deviations, 

380.  Basis  of  semicircular  and  quadraatal  compensatioa. 

Semicircular  deviation  results  from  the  joint  action  of 
hard  and  soft  iron:  Art.  329  treats  of  the  separation  of 
their  effects,  and  when  it  is  accomplished  the  proper  com- 
pensation of  each  can  be  performed  by  magnets  and  soft 
iron.  The  maximum  resultant  of  both,  R,  and  its  direc- 
tion a,  are  given  by  eqs.  (77)  and  (78},  page  871,  as 
follows: 

R^VWT^\     .     .     .     (39);     tana  =  | (40) 

The  effect  of  R,  as  the  ship  swngs  round,  is  to  draw  the 
compass-card  away  from  the  meridian  by  the  amount  of 


^ 
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the  deviation  on  each  heading:  R  must  therefore  be  neu- 
traUzed.  As  a  rule,  it  is  done  at  first  entirely  by  magnets— 
either  in  one  group,  as  an  equal  and  opposite  resultant 
force  whose  direction  is  the  angle  a ;  or  in  two  groups, 
fore-and-aft  and  athwartships,  to  correspond  to  the  com- 
ponents 93  and  C  of  this  resultant. 

While  compensating  any  one  compass,  the  ship  must 
be  held  steady  by  means  of  another  compass  on  a  particular 
point:  for  the  resultant  method,  this  point  is  the  mag- 
netic course  corresponding  to  the  compass  course  upon 
which  it  is  decided  to  perform  the  work  both  for  semi- 
circular and  quadrantal  deviations;  for  the  component 
method,  it  is  magnetic  north  or  south,  to  compensate  for  6, 
magnetic  east  or  west  for  ®,  and  magnetic  NE.,  SE.,  N\V.. 
and  SW.  for  the  maximum  quadrantal  de\'iation. 

The  maximum  value  of  the  force  R'  that  produces  quad- 
rantal deviation  and  the  angle  /3  of  its  direction  are  given 
by  eqs.  (83)  and  (85),  page  872,  as  follows: 


J^'=v'5;'+^s^ 


(4=) 


Being  due  to  transient  magnetism,  it  must  be  neutralized 
by  soft-iron  spheres  which  will  acqmre  this  magnetism  lo 
the  degree  denoted  by  R' ;  and  they  must  be  placed  in  the 
direction  of  the  angle  /9.  Analysis  of  a  table  of  deviations 
affords  the  information  required  by  eqs.  (39)  to  (42)  to 
perform  the  compensation. 

The  quadrantal  deviation  is  alternately  plus  and  minus 
in  the  successive  quadrants :  as  a  rule,  it  is  plus  in  the  NE. 
and  SW.  quarters,  and  minus  in  the  SE.  and  NW. — and 
this  order  is  designated  as  a  positive  quadrantal ;  the  con- 
verse— that  is,  minus  in  the  NE.  and  SW.  and  plus  in  the 
SE.  and  NW. — is  called  a  negative  quadrantal ;  it  rarely 
occurs. 
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If  we  measure  the  angle  a  from  the  bow  of  the  ship  to 
starboard,  to  stem,  ajid  to  port  continuously  through  360°, 
then  we  shall  have  from  eq.  (40) : 

■(43) 


If  8?  =  o,  tan  a  —  —  —  00 ,  and  hence  a.  =  90°.        (44) 

These  results  are  derived  from  Algebra  and  Trigonometry. 

Eq.  (43)  gives  the  direction  of  the  corrector  for  ©,  that 
is,  parallel  to  the  keel;  and  (44)  that  for  S,  transverse 
thereto. 

Similarly,  for  eq.  (4a},  but  on  the  basis  that  the  angle  j9 
is  reckoned  from  an  origin  transverse  to  the  keel; 

If  5=0,  tan  /3  =  -^  =0,  and  hence  /3=o°,        .     (45) 

5/3  =  90".     .      C46) 

Eq.  {45)  shews  that  the  spheres  should  be  fixed  on  a 
line  transverse  to  the  keel  to  correct  the  effect  of  J?,  and 
this  is  their  usual  position ;  but  it  is  correct  only  when  @ 
is  so  small  as  to  be  negligible ,  or  zero.  When  this  is  not  the 
case,  the  proper  direction  for  the  line  of  spheres  is  given 
by  eq.  (42);  and  in  this  case,  if  ®  be  minus,  the  star- 
board sphere  must  be  for\vard  of  the  transverse  line, 
and  the  port  abaft  it;  but  if  S  be  plus,  the  starboard 
sphere  must  be  abaft  the  transverse  line  and  the  port 
sphere  forward. 

On  the  other  hand,  should  ®  be  large  and  2)  so  small 
as  to  be  negligible,  eq.  (46)  shows  that  the  line  of  spheres 
must  be  fore-and-aft :  but  this  condition  is  unusual. 

From  eqs.  (113)  and  (115),  p.  879,  it  is  seen  that  the 


coefficients  SI  and  G  have  the  same  basis — soft  iron  repre- 
sented by  b  and  d:  if  S  should  be  large  (2°  to  3°),  as  some- 
times occurs  with  steering  compasses  located  outside  the 
midship  line,  then  compensation  of  S  will  entail  change 
in  9(,  which  should  be  determined  by  a  swing  for  residuals 
and  analysis  of  these. 

381.  Practical  illustration  of  compensation  by  means 
of  the  ScoBESBY— resultant  method. — After  the  observa- 
tions described  in  Art.  361  had  been  completed,  the  re- 
sulting deviations — Table  93 — were  compensated  with  the 
vessel  headed  successively  on  different  points,  for  the  pur- 
pose of  comparing  the  accuracy  of  the  work  on  each. 

The  procedure  on  one  of  these  will  now  be  reproduced: 
it  was  compass  heading  N.  67°  30'  E.  Fig.  553  represents 
the  ScoRESBY  during  the  work,  except  that  the  materials 
marked  E  and  F  were  not  on  the  vessel :  they  were  added 
subsequently  for  another  purpose.  Fig.  554  exhibits  a 
comparison  of  the  compass  and  magnetic  headings  before 
compensation.  Analysis  of  Table  93  furnished  the  infor- 
mation for  compensating — it  is  given  in  Art.  364.  Table 
94  is  a  summary  of  the  observations  made  for  force,  which 
are  described  in  Art.  361.  The  quadrantal  deviation  on 
every  point  was  obtained  from  analysis  of  Table  93 :  it  was 
plotted  in  double  size  on  Napier's  diagram,  and  from  this 
the  amount  on  compass-point  N.  67°  30'  E.  was  taken:  it 
was  6°. 

The  data  tor  compensating,  then,  were;  compass  head- 
ing N,  67°  30'  E.,  corresponding  to  magnetic  heading 
N.  96"  30'  E. ;  total  deviation  on  former,  29°  E.,  of  which 
6°  was  quadrantal,  leaving  23°  semicircular;    a  =56*. 

As  D  was  +  8°  26'  and  E  only  +0°  31',  the  spheres, 
according  to  Art.  380,*  were  properly  set — transverse  to 
the  keel.  The  compass  to  be  compensated  was  the  same 
by  which  the  deviations  were  observed^the  four-neetlle 
liquid  standard  No,  24025.     The  binnacle  in  which  it  was 


mi 


mounted  on  the  Scoresby  was  constructed  for  compen- 
sating with  a  specific  number  of  magnets  at  a  variable  dis- 
tance: they  consisted  of  four  equal  btmdles  of  wires,  to 
be  placed  in  tubes  on  a  tray  which  had  motion  both  ver- 
tically and  in  azimuth,  with  attached  scales  to  indicate 
the  amount  of  each  motion.  In  Fig.  567,  which  repre- 
sents the  conditions  when  compensation  was  complete, 
the  tray-magnets  appear  as  broad  dark  bands  and  the 
compass  needles  as  fine  lines. 


Pio.  566, 


Fig.  567. 


The  vessel  was  headed  N.  dy^^o'E.  per  compass  and 
blocked  there — Fig.  566,  which  exhibits  the  conditions 
l)efore  compensating:  the  brass  circle  on  the  floor  indicated 
Jie  equivalent  magnetic  heading,  and  this  corresponded  to 
holding  a  ship  steady  on  the  magnetic  course  by  another 
compass. 

The  heeling  error  was  compensated  first,  as  described 
in  Art.  378.  In  Fig.  566  it  is  seen  from  the  relative  direc- 
tions of  the  needles  and  arms  AA'  for  the  spheres,  that  the 
latter  can  exert  a  good  pull:  they  were  therefore  put  in 
place  and  moved  equally  toward  the  compass — the  card 
turaing  the  while  toward  magnetic  north^until  6°  quad- 
Tantal  deviation  was  corrected;  the  vessel's  head  by  com - 
was  then  N.  73°  30'  E,;   the  spheres  were  locked  on 
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the  arms,  and  the  center  of  each  was  then  12}  inches  from 
the  compass-pivot. 

The  tray  was  now  run  well  down,  the  tubes  turned  to 
the  angle  a  =  56°,  and  the  four  magnets  put  in  them  as 
indicated  by  the  heavy  bars  of  Fig.  567 ;  red  ends  toward 
bow,  as  the  relative  positions  of  the  poles  of  magnets  and 
needles  showed  that  that  was  requisite  to  turn  the  needles 
into  the  meridian :  raised  the  tray  slowly — the  card  turn- 
ing meanwhile  toward  magnetic  north — until  23°  of  semi- 
circular de^tton  was  corrected;  the  needles  then  coin- 
cided with  the  meridian,  and  the  vessel 's  head  per  compass 
was  N.  96°  30'  E.,  which  was  of  course  the  magnetic  heading 
also.  Locked  the  tray,  and  then  the  plane  of  the  magnets 
was  ten  inches  from  that  of  the  needles. 

Finally  swung  the  vessel  on  sixteen  points — resting 
about  five  minutes  on  each — and  observed  the  bearing  of 
the  electric  sun ;  the  residual  deviations  thence  deduced 
are  given  in  Table  95.  They  are  not  large;  and  in  view  of 
the  existing  conditions — that  both  the  disturbing  material 
and  the  correctors  were  in  close  proximity  to  the  needles — 
it  may  be  said  that  the  adjustment  of  the  two  antagonistic 
fields  was  quite  accurate. 

It  is  evident  that  the  whole  procedure  might  just  as 
well  have  taken  place  on  the  largest  battleship  as  on  the 
ScoRESBV :  it  matters  little  where  the  conditions  portrayed 
by  Tables  93  and  94  occur,  they  must  be  met  in  substan- 
tially the  same  way,  and  that  way  the  one  described  in 
this  article. 

On  a  ship,  however,  no  such  concentrated  disturbing 
field  as  that  devised  for  the  Scoresby  would  exist  in  a 
location  suitable  for  the  standard  compass,  so  that  this 
phase  of  the  matter  was  more  unfavorable  to  the  experi- 
mental work.  Again,  the  point  N.  67°  30'  E.  was  pur- 
posely chosen  for  some  of  its  Mwfavorable  conditions:  it 
was  in  the  "  very  unsteady  arc,"  with  a  directive  force  (rf 
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only  0.4476 :  in  that  arc  the  card  is  always  restless  and  prone 
to  swing  at  the  least  motion  of  the  ship,  and  it  would  be 
difficult  on  a  ship  to  estimate  the  amount  of  the  deviation 
one  was  correcting. 


Table  95. 

Table  96. 

^H''^"b;'' 

SCORMBY'S 

n'?'^^. 

N^o™.S™. 

(O 

(Jl 

(1) 

(0 

I"  y^   E. 

NORTH 

ie-.oo'  w 

N,  NE, 

I    00    E. 

N.  NE. 

4;  00  w. 

NE. 

J    00    E. 

NE. 

w  00  w. 

^l   00   W. 

EAST 

1     00    E. 

EAST 

11  00  W. 

E.  SE. 

I    00    W. 

E.  SE, 

6   00   W. 

I    00    W. 

SE. 

5  00  E. 

S.SE. 

1     30    W. 

S,  SE 

^5  00  E. 

SOUTH 

.     %    W. 

SOUTH 

45    30    E, 

S.SW. 

1    30   w. 

54    00    E. 

SW. 

SW. 

47  °o  E. 

W.  SW. 

.     5o    W. 

W,  SW, 

WEST 

1     30    W. 

WEST 

W.  NW. 

W.  NW. 

4  00  W. 

NW. 

0    30    w. 

NW. 

II  00  w. 

N,  NW. 

N.  NW. 

37   00   W, 

NORTH 

I     30    E. 

The  heading  was  favorable  as  regards  the  directions  of 
the  needles,  spheres,  and  magnets,  as  shown  by  Figs.  566 
and  567.  As  illustrative  of  an  itufavorable  relative  direction 
of  these,  consider  Fig.  568:  the  vessel  is  headed  still  in  the 
"  very  unsteady  arc,"  N.  124"  E.  per  compass,  correspond- 
ing to  N.  ir7°  E.  magnetic,  on  which  there  is  a  total  devia- 
tion of  1°  W.,  with  a  quadrantal  deviation  of  8°,  thus  mak- 
ing an  opposite  semicircular  deviation  of  1° ;  directive  force 
0.5255- 

The  spheres  can  exert  a  good  pull;  but  the  magnets 
placed  as  indicated  by  the  dotted  arrow  BB'  in  the  star- 
board angle  a  =  56°  are  almost  parallel  to  the  needles  ; 
they  have    only  1°  to  correct,  and  may  be   moved  ver- 
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tically  through  a  long  distance  without  any  definite  action 
upon  the  compass — the  analogue  of  two  lines  drawn  at  a 
very  acute  angle — they  nearly  coincide  for  much  of  their 
length  and  the  point  of  intersection  cannot  be  distinguished. 
The  compass  could  not  be  compensated  with  the  vessel 
heading  on  this  point — the  case  is  really  indeterminate — 
and  attention  is  directed  to  it  merely  for  illustrative  pur- 
poses.    The  whole  unsteady  arc  should  be  avoided. 


Ftc.  568, 


An  inspection  of  Tables  93  and  94  in  connection  with 
Fig.  554  will  enable  one  to  select  the  point  that  holds  out 
the  best  promise  of  easy  work  and  accurate  results.  The 
entire  SW.  quarter  seems  favorable — also  the  arc  from  NE. 
to  N.NW.;  but  the  preference  for  any  one  point  would 
probably  fall  on  N.NE,  per  compass,  or  N.  22°  30'  E.,  cor- 
responding to  N.  62°  30'  E,  magnetic,  on  which  there  is  a 
directive  force  of  about  unity,  a  total  deviation  of  40**  E., 
of  which  6"  22'  are  quadrantal,  and  33°  38'  semicircular. 
The  compass  would  be  steady,  so  that  on  board  a  ship  it 
would  be  easy  to  hold  her  by  another  compass  on  N.  63"  30' 
E.  magnetic  while  the  compass  to  be  compensated  was 
turned  by  the  spheres  through  6°  22',  and  by  the  magnets 
through  33°  38'. 


The  case  is  represented  by  Fig.  569;  and  it  is  seen  that 
the  pull  of  the  spheres  AA'  would  be  strong,  and  that  the 
magnets  represented  by  BB'  set  in  the  starboard  angle 
a  =  56°,  red  ends  towards  B',  would  exert  a  powerful  thrust 
on  the  needles  to  turn  them  from  their  present  deflection 
of  40°  E.  into  the  meridian. 

383.  Compensation  by  the  component  method — illus- 
trated by  the  Scoresbv. — The  theory  of  this  procedure  is 
given  in  Art.  356— its  practical  performance  will  be  de- 
scribed here,  and  then;  are  three  methods  of  carrying  it  out. 

The  ScoRESBY  and  its  vicinity  were  first  cleared  of  all 
magnetic  material,  and  a  series  of  observations  made  with 
the  horizontal  needle  to  obtain  the  time  of  ten  oscillations: 
the  mean  was  T  =  1 5.98  seconds.  Removed  the  needle  and 
put  the  compass  in  the  binnacle:  all  else  being  the  same, 
obser\'ed  the  bearing  of  the  electric  sun  during  a  swing  on 
sixteen  points. 

First  Method. — Then  loaded  the  Scoresby  with  a 
.powerful  combination  of  magnets  and  soft  iron  and  swung 
on  the  same  sixteen  points,  observing  the  bearing  of  the 
.electric  sun  on  each:  comparison  of  the  two  series  of  bear- 
ings gave  the  deviations  of  Table  96.  of  which  Fig.  570  is 
the  curve — natural  size. 

Analyzed  this  table  on  Form  10  and  obtained  the  fol- 
llowing:  .4  =  -o°is';  B=-i6°i5';  C=-4i°ii'';  D  = 
+  7°  50';  E=  +0°  6'. 

Table  97  is  a  ready  reference  for  directions  as  to  placing 
ithe  magnets:  Umgituditial  means  parallel  to  the  midship 
'fore-and-aft  line,  and  transverse  at  right  angles  to  this. 

The  compensation  was  done  on  south  and  west  mag- 
netic; the  corresponding  headings  by  compass  Mo.  24025 
;were  found  from  Fig.  570  to  be:  South  (magnetic)  =  S.  33* 
E.;  West  (magnetic)  =S.  42"  W. 

To  compensate  on  a  ship,  she  should  be  headed  succes- 
fiively  S.  23"  E.  and  S.  42°  W.  by  compass  No.  24025,  if 
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that  were  to  be  compensated,  and  on  each  the  heading  by 
another  compass  noted  and  recorded,  so  that  the  ship  could 
be  held  by  this  latter  compass  on  its  own  headings  corre- 
sponding to  S.  and  W.  magnetic  while  compensating  com- 
pass No.  24025. 

Table  97. 

TO  COMPENSATE  THE  COEFFICIENT  B. 


Ship's  Head 
Magnetic. 

The  Deviation 
Being 

Position  and  Direction  of  Magnet5 
Used  as  CorrectorB. 

(i) 

(2) 

(3) 

East 
East 
West 
West 

Easterly 
Westerly 
Westerly 
Easterly 

Longitudinal :  red  ends  toward  bow 
Longitudinal :  red  ends  toward  stem 
Longitudinal:  red  ends  toward  bow 
Longitudinal :  red  ends  toward  stem 

TO  COMPENSATE  THE  COEFFICIENT  C. 


North 
North 
South 
South 


Easterly 
Westerly 
Westerly 
Easterly 


Transverse :  red  ends  to  starboard 

Transverse :  red  ends  to  port 

Transverse .  red  ends  to  starboard 

Transverse;  red  ends  to  port 


For  the  Scoresby,  she  was  swung  to  head  south  magnetic 
and  blocked;  four  transverse  magnets,  red  ends  to  port, 
were  placed  in  the  tray,  and  it  was  raised  until  the  heading 
was  due  south :  then  she  was  swung  to  head  west  magnetic 
and  blocked;  two  longitudinal  magnets,  red  ends  toward 
stem,  were  put  in  the  tray  and  this  raised  until  the  heading 
was  due  west. 

Swtmg  the  vessel  on  the  four  cardinal  points  and  found 
residual  deviations  of  less  than  i®. 

The  maximum  quadrantal  deviation  was  found  by  analy- 
sis of  Table  96  to  be  8®,  and  only  this  remained.  Swung 
the  Scoresby  to  head  X\V.  magnetic;   put  the  spheres  on 
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the  binnacle  and  moved  them  toward  the  compass  until 
the  heading  was  N.  45°  W. 

Then  swung  the  vessel  on  eight  equidistant  points  and 
found  residual  deviations  less  than  1°.  In  the  case  of  a 
skip,  after  compensating  the  semicircular  deviation  as  above, 
she  should  be  put  on  the  compass  heading  corresponding 
to  NE.,  NW.,  SE.,  or  SW.  magnetic,  the  course  noted  by 
another  compass,  and  then  the  ship  held  by  this  while  com- 
pensating. 

Second  Method. — For  this  the  procedure  with  a  ship 
would  be  as  follows:  Swing  for  table  of  deviations.  On 
one  compass  course  (^')  obtain  the  period  (7~')  of  ten  oscilla- 
tions of  horizontal  needle  placed  instead  of  compass;  for 
this  particular  course  determine  the  corresponding  mag- 
netic course  (^)  and  deviation  (5).  Observe  lime  (7")  of 
ten  oscillations  of  horizontal  needle  on  shore.  Analyze 
deviations  on  Form  10,  and  by  means  of  formulas  in  Table 
III  of  that  form  compute  exact  coefficients  and  \.  Deduce 
values  of  ^ .  9}  and  A .  G ;  then  proceed  according  to  Art,  369 
to  determine  the  particular  magnets  to  be  used,  and  apply 
them  as  directed  in  Table  97 :  the  ship  may  be  put  on  any 
heading  for  this  purpose,  as  both  the  strength  of  the  magnets 
and  the  distance  at  which  they  are  to  be  placed  are  deter- 
mined by  Art.  369  for  all  azimuths. 

The  qimdrantal  deviation  is  compensated  as  in  the  first 
method  above. 

Finally,  swing  for  a  table  of  residual  deviations.  The 
principal  steps  may  be  indicated  by  the  following  example 
from  the  Scoresby:  Deviations  observed — Table  96; 
analyzed  this  and  computed  ?[,  S,  6,  3),  ©.  Swung  on 
heading  c'  =  ^-  52°  E,  corresponding  to  c  =  N.  24°  E.,  with 
deviation  28°  W. ;  observed  on  tliis  heading  T'  =  1 4.23 
seconds,  and  in  field  of  earth  alone    7"  =  15.98   seconds, 

whence  ^7-1  =  7t  =  1-261 (47) 


PRACTICAL   FORMULAS. 
pomputed  X  by  formula  (258),  p.  944: 


^(:.26i)- 


i  24°)-S  (sin  34'')+3)  {cos  48'')' 
-e  (sin  48°) 


,  (48)  ^ 


^articular  heading  used  is  marked  Q  on  Fig.  570. 
Bird  Method. — As  this  involves  observations  for  de-  I 
Kon  and  force  on  only  two  headings,  and  offers  the  two- 
l  advantage  of  supplying  a  complete  table  of  deviations 
ftll  as  data  for  compensating  the  compass,  it  may  prove 
jtequent  use,  and  will  therefore  be  illustrated  in  full  by 
Otperiment  with  the  Scoresbv. 

lie  vessel,  still  loaded  with  the  same  disturbing  material 
2  same  position  that  produced  the  deviations  of  Table  J 
ras  swimg  on  two  opposite  headings  marked  L  and  .1/,  1 
\  570,  and  the  following  obser\'ations  were  made:  [T=  I 
I  seconds,  corresponding  to  shore  observations,  which 
Kalready  been  made  as  stated  in  the  First  Method,  p.  1095.] 


^Wiret heading:  /.,  Fig.  57 

(49) 

Second  headini^:   _1/.  Fig.  5J0. 

-..4°o'.     .     .     .     (55)' 

^^387°  30'.      .     .      . 

(so) 

C.-S.  7.°3o'E. 

-loS-jo'.    .     .     .     (56) 

fcii°3o' W.   .     .     . 

(51) 

5,-5°3o'W.       .     .     (57) 

^^■15. 98  seconds.     . 

(s=) 

7  =  15.98  seconds.    .     (58) 

:T,' =31.63  seconds.     . 

(53) 

r,'  =  12.76  seconds.    .     (59) 

„       T'      H,' 

(54) 

R,-~-"'l^-i.S6S.{6o) 

I 


Mean  magnetic  heading.  N.  72°  W.  and  S.  72°  E. 

The  mathematical  basis  of  this  problem  and  its  solution 
both  by  computation  and  construction   have   been  given 
I  in  Art§.  325  and  338;  the  example  used  there,  however,  was 


1: 


■  I 


for  headfogs  £■■:  ippnsile — the  general  case:  here,  they 
difiier  by  i8o°,  wlikli  is  partictilar  and  more  simple.  V 

The  sohrtkia  is  by  constZQCtaon  on  the  Dygogram  Fonn— 
Fig,  S7"- 

tbe  combined  fans  of  Ship  and  Earth  R,  on  the  first 
heading  Zi  is-hid  off  in  thedirectioo  9^;  that  is,  for  N.  71** 
W.,  O^,=oj55  of  scale  OP.  Md  ^.OP^^.-i^jo' W.: 
similarly,   far  C'-S.  66*  E.,  0/?,  =  i.568.  and  RfiP=i^ 

Draw  Rfi^  and  bisect  it  at  L;  throi^h  this  draw  MLH 
in  the  diiectioo  of  the  mean  m^netic  course — N.  73°  W. 
and  S.  72°  E. — it  may  be  done  by  {facing  parallel  rulers  on 
the  oeaater  O  and  ya"  W.  dt  the  arc  FPG  and  moving  them 
parattel  to  tbemseHes  until  L  is  reached. 

Throng  L  draw  a  perpepdicubr  to  LH,  and  where  both 
this  perpendicular  and  the  line  LH  aA  OX,  mark  the  points 
Pand  ty  respectively.  Bisect  DI/  in  P',  and  with  radius 
P'jy,  draw  a  circle — it  should  pass  through  the  three  points 
L,  D,  and  V. 

Draw  the  outline  of  a  ship  around  L,  headed  on  ^, :  then 
STA  is  the  starboard  angle  a:  HI  the  longitudinal  com- 
ponent of  the  total  semicircular  force,  and  MR,  the  trans- 
verse component — both  neg:itive,  since  they  are  toward  the 
stem  and  to  port :  01"  is  the  mean  directive  force,  and 
pry  the  force  that  pnxiuces  quadrantal  deviation. 

Both  ?l  and  G  are  cv'nsidered  zero,  or  negligible,  as  in- 
deed they  are  in  this  caa.",  for  by  analysis  of  Table  96, 
?(  =  —0.0043  ^nd  G  =  —0.0017. 

Measuring  the  requinxi  quantities  on  Fig.  571  by  the 
f.cale  OP,  we  ha\-o : 

07"  =  A  =  i.o; (61) 

Fp-  =  rT>^i,2  =  ^0.14:     .    ■    .    (62) 

whence  ?  =  -  ,"  =-"~— '"*  =  _o.r ?7,        .     .      .      (6i> 

i.U-i.*.-e...;,;;       ....     (64) 
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-^.273^ 
+  1.02 


-0-596^  _ 
4- 1.02 

a  =  246°. 


-0.267, 
-0.596; 
-0.584. 


Having  99,  G,  and  33  from  eqs.  (63),  (65),  and  (67).  ive 
may,  by  the  process  of  Art.  338,  obtain  a  complete  table  of 
deviations  and  the  directive  force  on  each  point. 

For  compensating,  from  (63),  %  =  +0.137,  which  is  the 
natural  sine  of  7°  54',  and  this  is  the  maximum  quadrantal 
deviation,  to  be  corrected  on  NE.,  NW.,  SE.,  or  SW.,  mag- 
netic as  described  in  the  first  method;  or  the  particular 
pair  of  spheres  to  be  used  and  the  distance  at  which  to  place 
them  may  be  determined  as  described  in  Art.  371,  and  then 
they  can  be  so  placed  irrespective  of  the  heading  of  the  ship. 

Similarly,  the  particular  magnets  to  correct  X .  99  and  *l .  E 
and  the  distance  at  which  to  place  them,  may  be  ascertained 
by  the  method  of  Art.  369,  and  put  in  place  according  to 
Table  97,  with  the  ship  on  any  heading.  For  the  Scoresbv, 
they  were  determined  in  that  way :  since  the  strength  trf  3 
magnet  may  be  represented  by  the  natural  tangent  of  the 
angle  of  deflection  it  produces  in  the  field  it  is  to  act,  the 
force  i. St  =  —0.273  's  the  natural  tangent  of  15°  18',  and 
we  must  have  certain  magnets  at  a  definite  distance  that 
will  produce  this  deflection;  two  magnets,  broadside  on. 
with  centers  15}  inches  from  compass-pivot,  produced  it, 
and  were  accordingly  placed  longitudinally  at  that  distance, 
with  their  red  ends  toward  the  stem.  In  like  manner. 
jI.S=— 0.596  is  the  natural  tangent  of  30°  48',  and  four 
magnets,  broadside  on,  centers  13J  inches  froni  compass- 
pivot,  produced  this  deflection;  they  were  accordingly 
placed  transversely,  red  ends  to  port. 
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Then  swung  the  vessel  on  eight  equidistant  points,  and 
found  residual  deviations  of  less  than  r°, 

The  compensation  thus  satisfactorily  effected  was  that 
of  the  deviations  of  Table  96,  where  the  maximum  is  54° 
and  the  least  value  of  the  directive  force  was  0.255,  that  of 
the  Earth  being  unity. 

383.  Fluctuation  of  the  deviations  due  to  change  of 
geographical  position. — The  theoretical  side  of  this  subject 
has  already  been  fully  stated,  and  it  only  remains  to  cite  an 
actual  case  in  order  to  press  the  matter  home — that  of  the 
U.  S.  S.  Maciiias.  She  is  a  steel  cruiser  of  11 77  tons,  with 
a  battery  of  eight  guns  and  steam  propulsion. 

When  completed,  she  sailed  for  the  Asiatic  station,  and 
at  various  points  on  the  way  was  swung  for  deviations: 
they, are  given  in  Table  98.  An  inspection  of  this  will  show 
how  unstable  is  the  magnetic  condition  of  a  new  vessel. 
Leaving  New  York  with  well-defined  deviations,  col.  (2), 
■whose  maximum  was  12°  30',  they  were  reduced  by  half, 
col-  (3).  within  the  period  of  a  month ;  near  Aden,  col.  (4), 
there  is  a  further  reduction  on  some  points,  an  increase  on 
others,  and  an  irregular  mixture  of  all;  off  the  Island  of 
Ceylon,  col.  (5),  the  irregularity  continues,  but  nearly  all  the 
deviations  increase;  finally,  in  the  Gulf  of  Pechili,  col.  fb), 
Ihe  regularity  at  New  York  is  restored,  but  in  amounts  so 
small  as  hardly  to  merit  the  name  of  deviations. 

There  is  scarcely  a  doubt  that  it  was  chiefly  the  sur- 
!  of  construction  that  thus  faded  away  during  the 
The  irregularity  in  the  GuK  of  Aden  and  Bay  of 
Bengal  is  explicable  by  the  variable  terrestrial  magnetism 
texperienced  by  the  vessel  in  those  regions — she  crossed  the 
Magnetic  Equator  (as  will  be  seen  by  the  data  given  at  the 
bottom  of  Table  98),  and  the  vertical  induction,  from  having 
i>roduced  one  kind  of  polarity  near  Aden,  decreased  to  zero 
goon  afterward,  and  gave  rise  to  opposite  polarity  in  the  Bay 
[  Bengal.     Thus  the  reversal  of  the  polarity  or  transient 
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of  p ;  the  needle  will  incline,  and  to  restore  level  a  vertical 
sUd  magnet  must  be  placed  centrally  beneath  the  compass: 
then  move  the  bead  from  its  last  position  by  the  amount  of  i;; 
the  needle  will  incline  again,  but  this  time  level  must  be 
restored  by  moving  the  Flinders'  bar.  Thus  the  latter  may 
be  used  for  correcting  the  vertical  effect  of  soft  iron  in  both 
the  semicircular  deviation  and  the  heeling  error. 

Should  the  ship  at  any  time  be  on  the  Magnetic  Equator, 
where  there  is  no  vertical  induction,  the  part  of  the  heeling 
error  due  to  hard  iron  can  be  corrected  as  follows:  head  the 
ship  E.  or  W.  magnetic  and  have  her  upright;  replace  the 
compass  by  the  balanced  needle,  without  the  bead;  it  will 
dip  imder  the  influence  of  the  vertical  component  of  the 
ship's  permanent  magnetism,  and  must  be  restored  to  level 
by  a  vertical  steel  magnet  placed  centrally  beneath  the  com- 
pass. Subsequently,  upon  arrival  in  a  locality  where  the 
Dip  is  large,  the  Earth's  vertical  component  will  induce 
polarity  in  the  vertical  soft  iron  and  cause  the  balanced 
needle — placed  as  before — to  incline:  it  must  be  brought 
to  level  by  moving  the  wrought-iron  corrector — -the  Flinders' 
bar ;  and  thus  the  heehng  error  has  been  completely  and 
appropriately  corrected. 

Aside  from  all  the  foregoing,  change  is  likely  to  occur 
in  the  permanent  magnetism  of  the  ship  and  of  the  correctors 
— it  is  but  the  fate  of  all  magnetic  bodies,  even  the  hardest 
steel;  again,  new  masses  of  soft  iron  may  be  brought  near 
the  compass  to  influence  it;  or,  finally,  one  or  several  of 
the  many  causes  enumerated  in  Art,  292  may  arise  to 
break  the  adjustment :  the  result  in  all  such  cases  is  a  new 
series  of  deviations. 

If  it  is  decided  to  remove  the  correctors  and  determine 
the  deviations  due  to  both  the  primary  and  secondary  fields 
and  compensate  them  de  noiio,  the  process  is  that  which  has 
already  been  explained :  but  if  it  be  preferred  to  leave  the 
correctors  in  place,  and  simply  neutrahze  the  new  secondary 
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field,  the  procedure  remains  to  be  illustrated ;  and  this  will 
now  be  done  by  an  experiment  v-nth  the  Scoresby. 

It  will  be  recalled  that  Fig.   553— un(/toM(  ike  masses 
marked  E  and  F,  however— -represents  the  Scoresby  loaded 
with  the  disturbing  material  that  produced  the  primary 
field  that  caused  the  deviations  of  Table  93 :  these  having 
been  compensated,  the  residuals  of  Table  95  remained.    Then 
produced  a  secondary  disturbing  iield  by  placing  at  E,  Fig. 
553.  two  bars  of  soft  iron,  each  18  inches  long  and  about 
8  inches  cross-section:    they  were  horizontal,  in  the  mid- 
ship line,  on  a  level  with  the  compass,  and  nearest  ends  10 
inches  from  pivot:  also  placed  at  F,  parallel  to  D.  eleven 
cylindrical  steel  magnets,  each  loj  inches  long,  with  their 
nearest  ends  32  inches  from  pivot. 

Table  99. 

Prodi«'lby 

AiwCom- 
pf  Col.  <i). 

SromsBv's 
Hold  by 

Prodiil^bV 
"■IS" 

After  Com- 

(O 

(.) 

<.o 

(.) 

(') 

(3) 

N. 
N.NE. 

NB. 
H.NE. 

E. 
E.SB. 

SB. 
S.SE. 

8"  30'   E. 

;  si: 

9     30    W. 

o»  30'   E. 

1      0    W. 
.    30    w. 
I      0    w. 

s. 

s.sw. 

sw. 

w.  sw. 

w, 

W.NW. 
NW. 

N.  NW. 

r  ?  I. 

3     0    w. 

3       30      W. 

I     0    w. 

3    30    B. 

0°  i&   E. 

0  30    E. 

1  0    W. 

0    30    w. 

0    30    E. 
0    30    E. 

Then  swung  ship  and  found  the  deviations  of  col.  (2). 
Table  99:   analyzed  this,  and  the  resulting  coefficients  are 
given  in  cols.  (5)  and  (6),  Table  100. 

The  algebraic  sum  of  the  values  of  ©  and  6  in  cols.  (4) 

and  (6)  gives  ©'  and  E'  col.  (8) ;  then  tan  "  =|i  =  ^'^' 

whence  a  =  sg°  51';  and  this  is  the  new  starboard  angle  to 
which  the  tray  (for  the  resultant  method)  must  be  turned. 
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CHAPTER    XXX, 


386.  Scope,    character,    and     aim    of    this     Treatise. 

Much  of  the  course  at  the  U.  S.  Naval  Academy  is  occu- 
pied with  mathematics — and  justly  so ;  for  aside  from  its 
mental  training,  it  adequately  equips  the  midshipman  for 
the  performance  of  many  duties  in  his  subsequent  career. 

Pursued  through  the  sequence  of  nautical  astronomy 
.and  navigation,  the  course  produces  the  navigator — to  cite 
only  one  part  of  the  profession — who  comprehends  the 
dependence  to  be  placed  on  every  method  for  finding  the 
Ship 's  position  at  sea — ^when  to  take  advantage  of  favorable 
conditions — when  to  avoid  those  fraught  with  inaccuracy— 
when  the  problem  is  entirely  practicable — and  when  it  is 
■wholly  impossible. 

And  this  is  the'  educated  navigator  that  the  costly  sea- 
structures  of  to-day  should  have. 

An  essential  part  of  Navigation  is  the  subject-matter 
of  this  Treatise ;  indeed  it  would  seem  a  most  important 
part;  for  whereas  many  means  exist  for  finding  the  ship's 
position,  only  one  is  known  for  guiding  her — the  Compass. 

But  that  this  instrument  itself  is  beset  by  much  to  lead 
it  astray  is  amply  shown  in  the  foregoing  pages;  and 
hence  it  is  incumbent  on  the  navigator  to  inform  himself 
thoroughly  on  its  every  source  of  error — to  gain  that  intelli- 
gent grasp  of  the  conditions  midst  which  it  is  placed  that 
the  course  otherwise  in  Navigation  affords  for  finding  the 
ship's  position. 


It  is  qiute  true  that  the  mere  mechanical  compensation 
of  the  compass  can  be  taught  in  a  short  time — and  the 
question  arises.  Wherefore  such  a  lengthy  Treatise  as  this? 

It  is  also  true,  I  believe,  that  much  the  lawyer  has  to 
deal  with  may  be  settled  by  reference  to  statute  enactments, 
without  knowledge  of  those  general  principles  of  juris- 
prudence that  form  the  foundation  of  all  law. 

Even  to  find  the  ship's  position,  the  clear,  concise  rules 
of  old  Bowditch  suffice,  without  years  spent  on  geometry, 
trigonometry,  and  nautical  astronomy :  the  time-sight, 
meridian  altitude,  azimuth,  and  dead-reckoning  are  the 
strict  necessities  for  navigating  the  ship,  and  these  can  be 
practically  learned  in  a  few  days. 

But  such  a  navigator  or  such  a  lawyer  literally  gropes 
in  the  dark  of  his  profession — he  is  but  the  animated  part 
of  a  mechanism.  To  proceed  in  like  manner  with  compass 
adjustment  is  positively  dangerous:  the  conditions  are  so 
variable  that  rigid  rules  cannot  safely  be  prescribed. 

The  subject  of  Compass  Deviations  is  considered  of  such 
importance  in  the  Navy  that  not  only  are  the  theory  and 
practice  taught  at  the  Naval  Academy,  but  in  after  years 
when  an  officer  is  ordered  as  navigator  of  a  ship,  he  takes 
a  preliminary  course  of  practical  work  with  the  Scosesby 
in  the  Compass  Office  at  Washington. 

During  this  course  the  principal  problems  he  will  en- 
counter are  represented  by  magnets  and  soft  iron  variously 
disposed  on  the  little  vessel;  she  is  swung — the  observa- 
tions are  made — residting  deviations  analyzed — the  com- 
pass compensated — and  the  reasons  given  for  every  step: 
surely  these  are  extraordinary  means  taken  to  ensure 
thorough  knowledge  of  the  duties  to  be  performed. 

Incidentally,  the  theoretical  acquisitions  of  academic 
days  are  refreshed ;  and  thus  equipped,  the  navigator  goes 
to  his  ship  prepared  to  attack  with  confidence  and  intelli- 
gence any  magnetic  conditions  surrounding  the  compasses. 
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Placing  the  correctors  is  a  mere  detail  that  may  readily 
be  performed  according  to  any  method  after  the  conditions 
have  been  investigated. 

It  is  the  aim  of  this  Treatise  to  give  a  view  of  the  subject 
in  all  its  essential  bearings — to  state  the  theory — to  supply 
the  fonnulas — and  to  give  numerical  examples  of  the  prin- 
cipal cases. 

The  transition  from  one  formula  to  another  is  made  with 
such  detail  as  to  facilitate  comprehension  of  the  subject 
without  having  to  work  out  intermediate  steps :  to  afford 
knowledge — not  supply  mathematical  tangles  for  experts 
to  unravel — was  the  object  in  view. 

The  work  is  necessarily  a  series  of  magnetic  principles 
bound  to  a  mathematical  framework;  but  in  order  that  such 
a  structure  may  not  repel  by  its  natural  harshness,  the 
endeavor  has  been  made  to  surround  it  with  ample  explana- 
tion in  as  non-technical  language  as  the  subject  will  admit. 

A  retrospect  of  the  field  thus  covered  will  now  be 
taken. 

The  writer  is  of  opinion  that  when — if  ever — the  real 
nature  of  Light  becomes  known,  so  will  that  of  Electricity 
and  Magnetism — they  are  so  intimately  connected.  At 
present  facts  point  to  a  motion  of  a  medium — specific 
movements  of  the  ether  of  space — as  the  source  of  all  these 
forces  which  have  been  called  Radiant. 

Instead,  therefore,  of  repeating  the  customary  explana- 
tion of  magnetism  that  it  is  a  dual  fluid — ^which  was  only  a 
device  for  representing  observed  phenomena,  without  ever 
a  fact  for  its  existence^the  endeavor  has  been  made  to 
establish  magnetism  among  the  radiant  forces. 

Chapters  I  to  IV,  then,  in  connection  with  XII,  are  de- 
voted to  this  view  of  the  subject :  in  addition.  Chapters  III 
and  IV  contain  much  relative  to  wave  motion  in  general, 
which  renders  more  intelligible  the  reciprocal  action  of 
magnetic  waves  in  the  ether  sent  out  by  movements  of  the 


Ship  and  Compass;  these  magnetic  waves  are  treated 
sequently  in  Part  Fourth. 

In  Chapter  VI  the  universaUty  of  electric  and  magn^ 
phenomena  is  dealt  with,  and  these  phenomena  are  trea 
jointly,  with  typical  illustrations  of  each;    the  instani 
adduced  are  more  to  make  clear  a  condition  than  conve^JI 
information  on  particular  points. 

Chapter  VII  intimately  concerns  the  na\'igator:  it  relate" 
to  the  great  magnet — the  Earth- — to  the  surgings  of  it  ■^' 
enveloping  ether,  as  Variation,  Dip,  and  Intensity. 

In  Chapter  VIII  are  given  the  principal  methods  for  de- 
termining the  Magnetic  Elements,  both  afloat  and  ashore. 

Those  diverse  but  related  phenomena  of  which  the  mag- 
netic storm  seems  the  concentrated  embodiment — and  dur- 
ing which  magnetic  needles  are  in  a  frenzy  the  world  over — 
are  described  in  Chapter  IX:  the  subject  is  of  interest  as 
showing  into  what  remote  regions  of  space  the  influence 
extends  that  affects  the  compass  on  a  ship. 

Chapter  X  treats  of  the  magnet  in  general  and  the  region 
about  it — the  field ;  physically  and  analytically — its  laws — 
possible  nature — and  affecting  circumstances;  deeming  it 
among  the  most  important  parts  of  the  subject,  it  has  been 
dealt  with  from  e\'ery  point  of  view. 

In  Chapter  XI  such  observed  facts  are  set  forth  as  indi- 
cate a  probable  theory  of  terrestrial  and  molecular  magnet- 
ism; and  the  chapter  closes  with  an  investigation  of  the 
Earth 's  Magnetic  Potential,  upon  which  formulas  are  based 
for  computing  the  Magnetic  Elements. 

The  subject  of  Chapter  XII  has  already  been  mentioned, 
and  this  completes  Part  First  and  Volume  I. 

In  Part  Second,  Volume  II,  Chapters  XIII,  XIV,  and 
XV  treat  of  the  Compass — its  liistorv';  magnetic  and  me- 
chanical principles ;  manufacture ;  magnetic  moment ;  and 
use.  The  importance  to  the  seaman  of  this  part  of  the  sub- 
ject need  not  be  extolled — it  cannot  be  exaggerated. 


CHARACTER    OF    THIS    TREATISE. 


In  Part  Third,  covering  Chapters  XVI  to  XX,  inclusive, 

the  Ship — after  having  been  shown  to  be  a  magnet— is 
dissected,  so  to  speak,  and  everj-"  disturbing  element  laid, 
bare  to  view.  This  Part  affords  an  insight  into  the 
Theory  of  the  Deviations  as  far  as  it  can  be  conveyed  with- 
out mathematics ;  it  was  specially  prepared  for  those  who 
may  prefer  such  treatment  of  the  subject. 

Part  Fourth,  covering  Chapters  XXI  to  XXVI,  is  taken 
up  with  the  deduction,  transformation,  and  arrangement 
of  all  the  formulas  upon  which  the  Theory  rests,  and  which 
are  used  for  the  numerical  computation  of  the  deviations 
by  the  various  methods  employed  on  board  ship.  i 

It  is  in  this  Part  that  the  endeavor  has  been  made  ta'l 
facilitate  comprehension  of  the  subject  by  filling  up  those 
gaps  in  the  sequence  of  the  formulas  that  often  yawn  for- 
biddingly; and  although  the  skilled  mathematician  may 
prefer  the  curtailed  treatment,  still  it  is  thought  that  many- 
others  would  rather  have  the  easy  transition  than  elegant 
brevity. 

The  remaining  three  chapters  of  the  book  constitute 
Part  Fifth,  in  which  the  essential  and  practicable  methods 
of  Swinging  Ship  and  Compensating  the  Compass  are  ex- 
plained and  illustrated.  The  principles  involved,  the 
appliances  to  be  used,  and  numerical  examples  are  all  given 
with  sufficient  fuUness  to  enable  any  one  to  perform  the 
work  intelligently. 

It  will  be  seen  that  the  Treatise  covers  a  wide  range: 
but  all  the  matters  dealt  with  affect  the  Compass  either 
proximately  or  remotely,  and  their  study  as  a  whole  should 
give  an  enlightened  view  of  the  conditions  midst  which  it 
is  placed. 


'^ 
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PART   SIXTH. 

VARIOUS    MATTERS    HEARING    ON    THE    MAIN    SUBJECT. 


Section  One  :    Notes  on  Divers  Things. 

387.  Nature  and  Object  of  Part  Sixth.— The  controlling  idea 
throughout  this  Treatise  was  to  give  with  due  fullness  whatever  is 
intimately  connected  with  the  Compass  and  its  Deviations,  and  to 
treat  subsidiary  matters  only  to  such  extent  as  would  conduce  to 
an  intelligent  knowledge  of  the  main  subject;  but  many  things 
bear  more  or  less  upon  this:  to  deal  with  these  with  the  detail  they 
require  in  order  to  be  well  understood,  would  extend  the  work  far 
beyond  its  proper  sphere;  and  it  has  occurred  to  the  writer  that. 
for  those  who  may  wish  to  pursue  such  parts  further  than  they  are 
given  here,  it  would  be  useful  to  have  reference  to  works  that  have 
been  found  clear  and  explicit  upon  the  different  subjects. 

This  Part,  therefore,  contains  reference  to  such  books  as  will 
give    the   information  indicated  by  the  headlines  of  Articles  388 

388.  Coastacts  of  iDstrtiments  and  of  formulas:  matters 
referred  to  in  Part  First  for  explanation  here. — An  absolute 
instrument  is  one  whose  scales  give  values  in  C.G.S.  units ;  a 
small  instrument,  portable  and  convenient  for  work,  generally 
has  an  arbitrary  scale:  the  same  quantity  having  been  measured 
several  times  by  a  small  instrument  and  an  absolute  one,  affords 
one  of  the  Constants  of  the  small  one,  and  the  other  Constants  are 
found  in  a  similar  way. 

Those  quantities  in  an  equation  which  retain  a  fixed  value  are 
the  Constants,  and  such,  for  example,  are  the  Magnetic  Coefficienls 
in  the  deviation  formula — the  Course  is  the  variable.  For  deter- 
mining the  constants  of  formulas,  see  Laboraiory  Alanital  of  Physics 
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and  Applied  Electricity,  by  E.  L.  Nichols,  vol.  i,  page  ij;  and 
Physical  Measurements,  by  F.  Kaltlraiisch,  page  ii. 

In  Part  First,  reference  was  made  to  Part  Sixth  for  explana- 
tion of  certain  matters  as  follows:  Page  157 — Variation  of  gravity 
with  latitude:  see  Aleckanics.  by  Aug.  U'.  Smilh,  page  i/p;  and 
Traits  de  Physique,  par  P.  .4.  Daguin.  tome  i,  page  is6. 

Pages  358  and  a6o — The  ttiming  moment  of  two  magnets:  this 
will  be  found  in  Art.  399,  below.  Pages  293  and  296^ — formulas: 
these,  also,  are  referred  to  in  Art.  399.  Page  514 — equation  (i); 
deduced  in  Daguin 's  Physics,  vol.  i,  page  5Jj, 

389.  Scales:  Earth's  Ctirvatare:  DuratioD  of  light  flashes. 

For  converting  linear  scale  divisions  into  angular  measure,  see 
KohlraHsch.  page  116.  The  curvature  of  the  Earth  is  about  eight 
inches  to  the  mile.  An  impression  of  light  takes  about  one-seventh 
of  a  second  to  be  conveyed  by  the  optic  nerve:  a  red-hot  stick 
whirling  during  this  length  of  time  leaves  the  impression  of  a  red 
circle,  and  for  a  longer  time  only  a  portion  of  a  circle.  The  por- 
tion of  time  the  flash  lasts,  indicates  the  portion  of  the  impression 
made;    it  is  the  principle  of  the  moving  pictures. 

390.  Materials  absorbent  of  Moisture,  of  Heat,  and  of 
Light. — Chloride  of  calcium,  or  pumice  stone,  saturated  with  strong 
sulphuric  acid,  will  absorb  moisture.  A  solution  of  alum  inter- 
cepts heat  waves  but  allows  those  of  light  to  pass;  while  a  solution 
of  iodine  will  intercept  light  waves,  but  allow  those  of  heat  to  pass. 
A  thin  slab  of  pure  rock  salt  allows  heat  waves  from  every  source 
to  pass  freely  through  it,  as  transparent  glass  does  white  light, 


Section  Two  :  Units  and  Standards  of  Ueasure. 

391.  Fundamental  and  Derived  Units. — All  measurements 
depend  upon  Length,  Mass,  and  Time,  and  these  quantities  are 
therefore  called  Fundamental:  upon  them  are  based  measures 
of  Area,  Volume,  Density,  Force,  Velocity,  Acceleration,  Work. 
Energy,  and  Momentum,  which  are  hence  said  to  be  Derived. 

Nations  differ  as  to  the  specific  length  and  mass  they  establish 
for  standard  units:  the  English  have  the  foot -grain -second  system. 
and  the  French  the  centimeter-gramrae-second  (C.G.S.)  system; 
this  is  also  the  system  of  many  other  nations  in  the  daily  dealings 
of  life,  and  it  is  almost  exclusively  that  of  scientific  investigation 
and  literature  the  world  over. 
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Materially,  the  unit  of  length — the  centimeter — is  the  one- 
hundredth  part  of  the  distance  at  o°  Centigrade  between  two 
parallel  lines  engraved  un  a  certain  bar  of  platinum -iridium  alloy^, 
deposited  in  a  vault  in  the  Laboratory  of  the  CoiniU^  InttmationaU 
des  Poids  et  Mcsitrt-s  at  Sevres,  near  Paris.  This  bar  is  the  MHrt 
Prololypc.  The  gramme  is  the  one-thousandth  part  of  a  platinum- 
indium  piece  known  as  the  Kilogramme  Prolotype.  deposited  aa 
above.     {Webiter.  Tlu-ory  oj  EL-c.  and  Mag.) 

Regarding  the  C.G.S.  system,  see:  Units  and  Physical  Con- 
stants— J.  D.  Everett;  Absolute  M casuremeHts — Andrew  Gray,  vol. 
i.  chapter  Hi,  and  vol.  H.  part  ii,  chapter  ix;  Electricity  and 
Magnetism — Silvaiius  Thompson,  page  26j;  Electricity  and  Mag- 
netism— J.  E.  //.  Gordon,  vol.  i,  page  47;  Theory  0}  Physics — 
J.  S.  Ames,  pages  -j.  75,  and  101;  and  Electricity  and  Magnetism — 
J.  C.  MoJOfell,  vol.  i.  page  j. 

392.  Electrical  and  Magnetic  Units.— There  are  two  systems 
of  these  units — one  based  on  the  force  exerted  between  two  quan- 
titii'S  of  electricity,  and  this  set  are  called  tUctruslalic  units:  the 
other  based  on  the  force  between  two  magnet-poles,  and  these 
are  termed  electramagnetic  units.  There  is  a  most  important  link 
connecting  them,  which  is  explained  on  pages  511  to  543  of  this 
Treatise. 

Both  systems  are  derived  from  the  fundamental  quantities 
Length,  Mass,  Time,  and  become  specific  by  using  for  these  the 
C.G.S.  units:  this,  however,  introduces  magnitudes  of  inconvenient 
size — some  too  small,  others  too  large — so  that  certain  decimal 
multiples  and  submultiples  of  the  basic  absolute  units  have  been 
a^eed  upon  for  practical  purposfs,  and  these  have  received  the 
names  of  Volt,  Ampere,  Ohm.  Coulomb,  Farad.  Watt.  Joule,  and 
Henry. 

The  subject  is  treated  in  the  following  works:  Elcc.  and  Mag., 
5il.  Thompson,  pages  ijo,  igz.  265,  and  344:  Ames'  Physics,  pages 
2J3,  i^g,  263.  and  j6y;  Gordon's  Ele-c.  and  Mag.,  vol.  i,  page  257,  and 
vol.  a,  page  2/j;  Gray's  Ahs.  Mcas.,  vol.  i,  chapter  Hi,  and  vol.  H,  part 
ii,  chapter  ix;  Everett— Physical  Units;  Principles  oj  Dynamo-Electric 
Machines—Carl  llcring. 

393.  Various  kinds  of  angular  measure. — These  are  such 
as  are  reckoned  in  degrees;  or  in  an  arc  equal  to  the  radius;  or  by 
trigonometrical  functions;  or  by  solid  angles:  except  the  last, 
they  are  explained  in  Art.  ag6,  and  all  are  briefly  dealt  with  by 
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Thompson,  El.  and  Mag.,  pages  iJJ-lj6.  "The  arc  in  degrees 
equal  to  the  radius  is  approximately  57°. 3  ^206.16$".  A  ball 
one  foot  in  actual  [linear]  diameter  would  have  an-apjjarent  [angu- 
lar] diameter  of  one  second  {1")  at  the  distance  of  206.365  f^^t- 
If  its  apparent  [angular]  diameter  were  10",  its  distance  would  be, 
of  course,  only  one-tenth  as  great."     (Prof.  C.  A.  Young.) 


Section  Three:  Regarding  Heat. 


394.  The  nature  of  Heat.— The  prominent  features  of  the 

theory  of  heat  are  these:  matter  is  composed  of  molecules— infini- 
tesimal particles  of  varied  size  and  shape,  and  possessed  of  different 
motions;  they  do  not  join  one  to  another  in  an  unbroken  mass, 
but  are  separated  by  interstices,  permeated  by  the  ether  of 
space. 

If  the  body  be  a  solid — ice,  for  instance — and  we  apply  heat, 
the  inherent  motion  of  the  particles  increases,  and  eventually  the 
mass  becomes  liquid;  more  heat  converts  this  into  vapor;  and 
still  more  into  gas — oxygen  and  hydrogen:  the  vibratory  and  other 
motions  of  these  elementary  particles  create  waves — heat  waves — 
in  the  ether,  which  pass  on  and  on  until  absorbed  by  other  matter, 
or  are  dissipated  in  the  medium  itself,  as  waves  of  air  and  water 
are.  The  molecules  of  all  matter  being  thus  in  motion,  they  are 
interchanging  rales  of  motion— some  imparting  more  than  they 
receive,  others  less:  differences  of  temperature,  pressure,  expan- 
sion, and  energy  may  be  explained  on  the  basis  of  this  motion; 
that  is,  that  heat  is  both  a  result  and  a  cause  of  motion — vibratory, 
oscillatory,  and  translatory. 

The  theory  of  heat  is  stated  in  the  following  works:  Heat — 
John  Tyndall,  page  43,  55,  2p2,  360;  Ames'  Physics,  page  251; 
The  New  Chemistry — J.  P.  Cooke,  pages  42  and  igz;  Mailer,  Ether, 
and  Motion- — Dolbear,  pages  ij2  and  ij6;  Ganoi's  Physics,  pages 
jop  and  320. 

395.  Absolute  Temperature.— It  follows  from  the  preceding 
hypothesis  on  the  nature  of  heat,  that  if  the  molecules  of  a  gas 
have  no  motion  of  any  kind,  they  will  fall  to  the  bottom  of  the 
containing  vessel,  devoid  of  every  attribute  dependent  on  heat: 
from  this  condition  a  scale  of  absolute  temperature  may  be  devised; 
reasoning  on  the  related  conditions  of  pressure  and  volume  of  gases, 
absolute  zero  has  been  placed  at  —273°  Centigrada. 
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The  following  works  afford  information  on  this  point:  Cooke's 
Chemistry — pages  14  and  46;  Ames'  Physics — page  212;  TynJatl's 
Heal — pages  61  and  "jz. 

The  capacity  for  heat  varies  with  every  substance,  and  the 
quantity  requisite  to  produce  the  same  effect — say  a  rise  of  r°  of 
temperature — in  equal  weights  of  substances  is  called  their  sjieciric 
heat:    Dolbear.  page  ijo.  ' 

396.  Conservation  of  Energy  and  Mechanical  Equivalent 
of  Heat. — "So  far  as  experiment  and  experience  have  led  ua,  the 
antecedents  of  every  physical  phenomenon  are  themselves  physical, 
and  more  than  that,  all  reactions  are  quantitative;  that  is,  the 
product  is  proportional  to  the  antecedent,  and  this  is  sometimes 
embodied  in  what  is  called  the  doctrine  of  the  Conservation  of 
Energy.  The  exchange  relations  between  the  different  forms  of 
energy — mechanical,  thermal,  chemical,  electrical,  and  magnctical 
•^being  quantitative,  are  therefore  mathematical  "  (Dolbear).  See 
■Iso  Ames'  Physics,  page  75. 

The  Mechanical  Equivalent  of  Heal  is  but  the  application  of 
the  principle  of  the  conservation  of  energy  to  heat  effects.  It 
asserts  that  whenever  energy  is  spent  in  producing  heat  effects 
the  amount  of  work  done  exactly  equals  the  sum  of  the  internal 
and  external  work:  Ames,  page  262;  Dolbear,  page  log;  TyndaU's 
Heat, pages  6,  II, ^8, and 61;  TyndaU's  Soutui,  page ^6;  andCanol's 
Physics,  page  jSo, 


Section  Four:  Subjects  Connected  with  the  Determlnatioii  of 
Terrestrial  Magnetism. 

397.  Pendulum-motion.— The  oscillation  of  a  magnetic  needle 
is  really  that  of  a  pendulum. 

In  the  Traits  de  Physique  par  P.  A.  Dagutn,  tome  i,  pages  log- 
IJ3,  pendulum-motion  is  treated  both  descriptively  and  analytic- 
ally: the  matter  is  well  presented  and  information  on  the  points 
usually  sought  is  supplied. 

A  complete  investigation  of  the  subject,  however,  is  contained 
in  the  Cours  de  Micanique  par  Ch.  Sturm,  tottte  i,  pagts  201-21$ 
and  221-223.  ^  connection  with  pag«$  156-160,  This  is  purely 
analytical;   the  formulas  are  deduced  from  the  difiereatial  equa- 
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Thompson,  El.  and  Mag.,  pages  13J-136.  **The  arc  in  d^frees 
equal  to  the  radius  is  approximately  57^.3  —206,265".  A  ball 
one  foot  in  actual  [linear]  diameter  would  have  an 'apparent  [angu- 
lar] diameter  of  one  second  (i")  at  the  distance  of  206,265  feet. 
If  its  apparent  [angular]  diameter  were  10",  its  distance  would  be, 
of  course,  only  one-tenth  as  great. ' '     (Prof.  C.  A.  Yoimg.) 


Section  Three:  Regarding  Heat. 

394.  The  nature  of  Heat.— The  prominent  features  of  the 
theory  of  heat  are  these:  matter  is  composed  of  molecules — infini- 
tesimal particles  of  varied  size  and  shape,  and  possessed  of  different 
motions;  they  do  not  join  one  to  another  in  an  unbroken  mass, 
but  are  separated  by  interstices,  permeated  by  the  ether  of 
space. 

If  the  body  be  a  solid — ice,  for  instance — and  we  apply  heat, 
the  inherent  motion  of  the  particles  increases,  and  eventually  the 
mass  becomes  liquid;  more  heat  converts  this  into  vapor;  and 
still  more  into  gas — oxygen  and  hydrogen:  the  vibratory  and  other 
motions  of  these  elementary  particles  create  waves — heat  waves— 
in  the  ether,  which  pass  on  and  on  until  absorbed  by  other  matter, 
or  are  dissipated  in  the  meditmi  itself,  as  waves  of  air  and  water 
are.  The  molecules  of  all  matter  being  thus  in  motion,  they  are 
interchanging  rates  of  motion — some  imparting  more  than  they 
receive,  others  less:  differences  of  temperature,  pressure,  expan- 
sion, and  energy  may  be  explained  on  the  basis  of  this  motion; 
that  is,  that  heat  is  both  a  result  and  a  cause  of  motion — vibratory, 
oscillatory,  and  translatory. 

The  theory  of  heat  is  stated  in  the  following  works:  Heat — 
John  Tyndall,  page  43,  55,  2g2,  j6o;  Ames*  Physics,  page  251; 
The  New  Chemistry — /.  P.  Cooke,  pages  42  and  ig2;  Matter,  Ether, 
and  Motion — Dolhear,  pages  ij2  and  ij6;  GanoVs  Physics,  pages 
jog  and  J20. 

395.  Absolute  Temperature.— It  follows  from  the  piecediiv 

hypothesis  on  the  nature  of  heat,  that  if  the  molecules  of  a  fM 
have  no  motion  of  any  kind,  they  will  fall  to  the  bottom  of  tte 
containing  vessel,  devoid  of  every  attribute  dependent  on  li0i|;«* 
from  this  condition  a  scale  of  absolute  temperatttre  may  be 
reasoning  on  the  related  conditions  of  pressure  and  vohODBj 
absolute  zero  has  been  placed  at  —273^  Centigrade. 
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tion  of  motion — they  are  integrated— and  the  subject  is  treated 
with  full  detail.  These  formulas  involve  differential  equations 
of  the  second  order,  and  the  general  method  of  integrating  these 
will  be  found  in  Sturm's  Cours  d'Analyse,  tome  ii.  page  gs;  also 
in  Dc  Morgan's  Calculus,  page  1^4. 

398.  Harmonic  Analysis:  Fourier's  Theorem:  Potential 

From  Pendulum -motion  to  Simple  Harmonic  Analysis  and  Fourier's 
Theorem  is  but  a  step,  for  in  tn'th  all  have  close  relationship. 

Pendulum -oscillation  is  wave-motion;  harmonic  analysis  took 
its  name  from  the  investigation  of  vibrating  strings — their  funda- 
mental tone  and  its  harmonjcs-^represented  by  wave-outlines; 
and  Fourier's  series  is  the  analytical  expression  of  wave-form  in 
general. 

Mechanically,  the  compounding  of  two  oscillatory  motions  may 
be  done  as  shown  in  Art.  35 ;  pictorialty,  the  combination  of  many 
such  movements  may  be  effected  by  Lissajous'  tuning-forks.  Art, 
36;  and  analytically,  the  superposition  of  an  infinity  of  waves  may 
be  expressed  by  Fourier's  series,  eq.  (149),  p.  886.  All  deal  with 
periodic  motion,  which  abounds  in  Nature. 

' '  Rhythm  or  the  graduated  and  alternate  action  and  reaction 
with  which  a  vibration  begins  and  ends,  is  a  universal  law  m  the 
manifestation  and  movements  of  all  natural  phenomena;  a  law 
which  is  revealed  on  a  grand  scale  in  the  recurring  periods  of  Nature, 
whether  astral,  telliuic.  or  meteorological,  as  well  as  in  the  fonn 
and  manifold  phases  of  organisms  and  their  modes  of  reproduction. 
This  universal  law  also  applies  to  the  whole  mental  and  organic 
system  of  animals  and  men  whenever  they  become  conscious  of 
their  own  existence.  The  same  universal  rhythm  constitutes  the 
fundamental  form  of  sound  in  the  vibration  of  metallic  bars,  or 
of  strings,  and  becomes  perceptible  to  the  external  senses  by  means 
of  our  organ  of  hearing. ' '     (Tito  Vignoli,) 

' '  It  would  be  interesting  to  trace  the  analogy  between  ihc 
mathematical  and  mechanical  methods  of  harmonic  analysis  and 
the  dynamical  processes  which  go  on  when  a  compound  ray  of 
light  is  analyzed  into  its  simple  vibrations  by  a  prism;  when  a 
particular  overtone  is  selected  from  a  complex  tone  by  a  resonator; 
and  when  the  enormously  complicated  sound-wave  of  an  orchestra, 
or  even  the  discordant  clamors  of  a  crowd,  are  interpreted  into 
intelligible  music  or  language  by  the  attentive  listener,  armed 
with  the  harp  of  three  thousand  strings,  the  resonance  of  which, 
as  it  hangs  in  the  gateway  of  his  ear,  discriminates  the  multifold 
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components  of  the  waves  of  the  aerial  ocean."     (James  Clerk 
Maxwell.) 

The  distinction  between  the  wave-method  and  the  harmonic- 
method  of  analysis  is  stated  by  Maxwell  in  the  Encyc,  Brit.,  vol, 
xi,  page  481;  and  an  exposition  of  simple  harmonic  analysis  is 
given  by  Thomson  and  Tatty  Natural  Phil.^  and  also  in  the  Encyc, 
Brit,,  vol,  XV,  page  68 §. 

Some  of  the  formulas  occurring  in  the  analytical  treatment  of 
periodic  motion  are  deduced  in  De  Morgan's  Calculus,  pages  124 
and  2jg, 

Fourier's  Theorem  will  be  found  in  many  books — variously 
stated — but  greatly  abridged:  the  most  satisfactory  presentation 
of  the  subject  I  have  fotmd,  is  by  the  author  himself  in  La  Thiorie 
Analytique  de  la  Chaleur;  or  its  translation  by  Alexander  Freeman. 

The  word  Potential  indicates  generally  the  condition  to  which 
it  is  applied — the  power  to  do  work:  the  region  immediately  stir- 
rotmding  a  central  force — electrical,  magnetical,  or  otherwise — is 
the  seat  of  this  power.  It  may  be  considered  along  a  line,  over  a 
surface,  or  throughout  a  volume. 

When  two  or  more  electrodes  are  placed  at  different  points  of 
a  sheet  of  tin-foil,  or  in  a  square  box  containing  an  electrolytic 
liquid,  the  electricity  in  its  flow  will  indicate  equipotential  lines  on 
the  surface  of  the  tin-foil,  and  equipotential  surfaces  in  the  liquid: 
in  both  cases  they  may  be  calculated  mathematically  from  the 
distribution  of  electricity;  and  in  both  the  acctiracy  of  the  cal- 
culation has  been  verified  by  experiment — the  agreement  is  very 
close. 

Potential  is  described  in  Art.  194,  and  its  employment  in  the 
investigation  of  terrestrial  magnetism  is  there  illustrated. 

The  principal  features  of  Potential  are  described  by  Prof, 
Thompson,  El,  and  Mag.,  pages  42^,  527,  and  jjg. 

Indeed,  Potential  is  treated  in  almost  every  work  on  Electricity 
and  Magnetism;  analytically,  the  several  steps  are  laid  down  with 
some  variety  by  each  writer,  but  all  lead  up  to  one  characteristic 
equation: 

J'F      d'V      d^V 

Ix^^'d^^'dz^^'' ^^^ 

This  expresses  mathematically  the  fact  that  the  fimction  V  changes 

by  the  smallest  amounts  possible  in  the  directions  of  the  coordinate 

axes;   it  is  therefore  exactly  applicable  to  the  potential  condition. 

A  spherical  harmonic  is  a  homogeneous  ftmction  of  x,  y,  z. 
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Having,  then,  the  ratio  and  the  product  of  the  two  quantities,  each 
18  readily  separated  from  the  other.^ 

Following  are  the  formulas  used  in  the  calculations,  with  ex- 
planations of  the  symbols  entering  them,  and  an  account  of  the 
corrections  to  be  applied  to  the  observed  quantities: 

i  I     P    O    R  ) 

[ij        a.M.M' x -5 +-4+^ +-t+etc.  J-  -the   momefU,  or   effort 

of  the  deflecting  magnet  (which  may  be  designated  as  9), 
to  turn  the  suspended  magnet  91  from  the  meridian:  M' —mag- 
netic moment  of  9i. 

[2.]        M' .H.sm  d  —the  moment,  or  directive  force  of  the  Earth 's 
magnetism  to  keep  the  magnet  91  in  the  meridian.     When 
equilibrium  occurs  between  these  moments  we  have 

[3.]        a.M.Af' {p+p+^+P+etc.  }  -Jlf'.H.sin  9. 

The  series  within  brackets  is  a  fimction  of  the  half  length  of  the 
deflecting  magnet  and  of  the  distance  r:  to  consider  the  length 
of  a  magnet  is  to  take  into  account  the  magnetism  pervading  it; 
so  that  the  numerators  P,  Q,  R»  etc.,  are  said  to  depend  on  the 
distribution  of  magnetism  in  the  bar.  As  it  is  only  the  half  length 
that  enters,  and  as  the  distance  r  (compared  therewith)  is  gen- 
erally quite  large,  the  successive  terms,  it  is  evident,  become  rapidly 
very  small,  so  that  the  first  two  generally  suffice:  retaining  only 
these,  we  have  from  [3] 


[4.]  2M  \  -j+1  f    =»//.sm  9'   from  which 

[5-]         J^^ft  \^'^?\  "^^^  ^'  ^"^ 


Tic  1  ^^^       3 .  r- .  sm  o       1      .     •      >   (         P) 


To  determine  P,  let  observations  be  made  at  the  distances 
r  and  rj  with  corresponding  deflections  ^  and  ^,:    two  members 
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similar  to  the  third  one  of  [6]  may  thus  be  formed — both  equal  to 

M 

-jT ;  whence,  equating  them  and  deducing  the  value  of  P,  it  is 

,    ,         „     r  .sin  ^— r.'.sin  ^. 

[7  J         P" ^"1 — '     ■     >'. 

••' •"  r. sm  a—r,. sm  Oj 

(See  also   on   this   point   Gray^s 
Abs.  Meas.,  vol.  ii,  part  i,  page  gz.) 
The  Ratio  required  is  now  determined  by  [6]  and  the  Product  by  [8] : 

;r*  K 

[8.]        M.//--yr-. 
Whence,  multiplying  [6]  and  [8]  member  by  member,  we  have 

t,0      „.«.^.«..(-5,?[|;]|.-5j). 

Extracting  square  root, 

Dividing[8]by  [6],member  by  member,  we  have 

^"  '^         ~M~~  "  ^'  "  FM  1  ( PT'  Extracting  square  root 

[12.1        H     • 


L^Ji-?}/ 


Equations  [6],  [7],  [8],  [10],  and 
[12]  are  the  formulas  for  computing  M  and  H  from  the  ob- 
served quantities:    these  must  first  be  corrected,  however,  in  the 
manner  now  to  be  stated  in  connection  with  the  explanations  of 
the  symbols  entering  the  formulas. 

[13.]  //« horizontal  component  of  the  Earth's  magnetic  force 
in  C.G.S.  units  during  the  deflection  and  oscillation  experi- 
ments. Both  the  Variation  (Declination)  and  Intensity  will 
fluctuate  during  the  period  of  observation:  to  correct  for  change 
in  the  Declination,  observe  the  axis  of  the  suspended  magnet 
before  and  after  each  deflection;  to  correct  for  change  in  Inten- 
sity, observe  the  period  of  oscillation  of  a  magnet  kept  suspended 
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Having,  then,  the  ratio  and  * ' 
is  readily  separated  from  th« 

Following  are  the  fc»rnj:i" 
planations  of  the  symb(jls 
corrections  to  be  applied  t- 

[I.]         a.Jl/.A/'j^i^J-! 


rr     »■•      I 


of  the  deflectin 
to  turn  the  suspendtNl  : 
netic  moment  of  31. 

[2.]         A/'.7/.sin/7-r" 
magnetism  to  k<  ^ 
equilibrium  occurs  hit 

[3.1        2.M.iV/'j^', 

The  series  within  In- 
dcHcctn/^  magnet  . 
of  a  magnet  is  t<» 
so  that  the  nunii  ■ 
distribution  of  u  : 
that  enters,  an«! 
crally  quite  lariv 
very  small,  so  t! 
these,  we  havi- 


[4.]      2-1/  -! 


t 


[5]     -- 

[6.]         77  =  , 


To  detcn: 
r  and  rj  with  - 
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circle  90°,  that  is,  giving  a  twist 
,1/ .  H)  -magnetic  directive  force  acting 

It 

j-  ,-'■  .j-ij,  vol.  i,  that  the  force  of  torsion  is  pro- 

,.iv:1l  ut  torsion;  on  the  other  hand,  the  angle  to 

III   timtinet   may  be  deflected,  is  inversely  as  the 

jcting  nti  it;    therefore  where  equilibrium  occurs 

ional  force  and  the  directive  magnetic  force,  we 


i^)  — M.//  :  -;  hence 


(M.//)      (90"-*)- 

nalytically  and  experimentally  in  these 

and  S3:    Lloyd's  Magnetism,   page  76; 

,  page    4S6;    and  El.  and   Mag.,  Masc.  and 

3  scale  of  temperature. 
and  (,  -any  observed  temperature,  Centigrade. 
;  change  in  magnetic  moment  due  to  fluctuation  of 
i  temperature,  sec  page  293,  vol.  i,  this  Treatise. 

t  found  by  experiment  that  the  following  formula 

J  change:    [?(', -if +?'((, -01;    in  this,  q  and  (f  are 

^dependent  on  the  qualities  of  each  particular  magnet; 

f-  dctenninGd   by   observing  the  deflections  the  magnet 

t  different  values  of  I,. 

which  the  above  formula  may  be  used — 
3  find  the  magnetic  moment  Mo  at  any  observed  tempera- 
j,  (knowing  the  moment  M  at  (),  or  the  converse,  that  ia,  to 
2  the  former  to  the  latter.     As  an  example: 

i  tbe  change  that  takes  place  in  the  mag- 
iflj((,— ()+^(*i— ')T— ■{  netic  moment  of  S  when  its  temperature 

(  is  raised  from  f  to  t, ; 
and  nsce  the  moment  decreases  with  (Hcrease  of  temperature, 
we  have 

M  -M[q(.l,  -I)  +?'((,  -()•]  -moment  of «  at  (, ; 
fh&tia, 

M,  -M  -M[9((,  --0  +9'((.  -OT  -M\i  -q{l,  -t)  -<t(.l,  -O'l . 
The  converse  proceeding  is  obvious. 

The  important  experiments  of  Coulomb  on  the  effect  of  heat 
on  magneta  will  be  foimd  in  Biot's  Physics,  vol.  Hi,  page  106. 
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[ai.]  /I— the  increase  in  the  magnetic  moment  of  S  produced 

by  the  inducing  action  of  a  magnetic  field  equal  to  unity  in  [he 
C.G.S,  system.  For  methods  of  determining  /(,  see  Gray's  Ahs. 
Mcas..  vol.  II,  part  i,  pages  y8  atid  86. 

[ja.l         -jT*  =lr'.sin  3  ^approximate  value  of  -jr',   foimd  by  using 

observed  values,  without  applying  corrections  for  induction 

and  temperature.        -jj      =value  of  ^'  with  corrections  applied. 

except  ji-p[:   then   [^]  "^J  '  +  ^  ^-zC.  "  0 +^((, -()'}  - 

The  quantities  within  brackets  are  the  corrections  to  be  applied 

to  -77    to  obtain     W'     I    aid  this  latter  is  then  the  value  used  in 

[6l.[9].  [i°l-t"].  and[ia]. 
[13.].         ;t -3.1416. 

[24.]  (  -^linear  coefficient  of  expansionof  brass —o.ooooiS. 
[25.]  •'  ^linear  coefficient  of  expansion  of  steel  "o.ooooia. 
[a6.]         r,  •-first  distance  observed  on  the  brass  bar  from  center 

of  deflecting  magnet  S  to  center  of  suspended  magnet  SI: 
this  distance  is  usually  made  30  centimeters,  r— distance  r,  cor- 
rected for  error  of  graduation  of  brass  bar  and  for  its  reduction 
to  temperature  a°  C.  r,  =second  distance  obsej^ed  on  brass  bar 
between  centers  of  magnets  S  and  S:  this  should  be  40  centi- 
meters if  r,  =30  cms.  r,  —distance  r,  corrected  for  error  of  grad- 
uation and  reduction  to  0°  C.  Whatever  the  first  distance  be 
made,  the  second  should  be  1.32  times  its  amount,  or  r,  — i.jjr,. 
See  Airy's  Mag.,  page  6y.  Both  r,  and  r,  to  be  corrected  for  *; 
see  [24]. 
[37.]         3=-observed  angle  of  deflection  corresponding  to  r.     3,— 

observed  angle  of  deflection  corresponding  to  r,.  The  con- 
struction of  the  instrument  is  such  that  the  deflecting  magnet  is 
turned  in  azimuth  until  its  axis  is  at  right  angles  to  that  of  the 
suspended  magnet  when  the  latter  comes  to  rest  at  the  angles 
i  and  3,,  respectively,  from  the  magnetic  meridian;  this  requires 
the  sine — not  the  tangent — of  the  angle  of  deflection  to  be  used 
in  the  computations.  It  would  seem  best  to  begin  the  series  of 
observations  with  deflections;  follow  with  the  oscillations;  and 
close  with  a  repetition  of  the  deflections  at  the  same  distances  as 
at  first,  in  order  to  detect  any  change  in  the  strength  of  the  deflect- 
ing magnet  in  the  interval. 
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[28.1  K" —moment  of  inertia  of  magnet  S,  including  its  stirrup 
and  other  api>endages,  at  o"  C.  K^  —moment  of  inertia  of 
the  regular  body  used  in  oscillation  with  S,  to  be  computed  from 
its  weight  and  dimensions.  Both  K  and  /C,  to  be  corrected  for 
t';   see  bs]. 

[ag.]         t  —the  time  of  an  oscillation  of  B  without  the  inertia  mass, 
[30.J         r'-the  time  of  an  oscillation  of  ©  tvUh  the  inertia  mass. 
Both  T  and  r*  must  be  corrected,  before  using,  for  the  five 
quantities  enumerated  in  [15]  above. 

The  complete  analytical  investigation  of  the  moment  of  inertia 
will  be  found  in  the  TraiU  de  M^canique  par  S.  D.  Poissott, 
tome  it,  chapter  it.  and  Sturm 's  Micanique,  tome  ii,  page  i£j. 
For  partial  exposition  illustrated  by  practical  examples,  see 
Smith's  Mechanics,  chapter  vi;  Kohtrausch;  Nichol's  Laboratory 
Manual,  page  57;  and  El.  and  Mag.,hy  Masc.  and  Joub.,i'ol.  ii, 
page  54. 

The  particular  formula  suitable  for  calculating  the  moment  of 
inertia  of  either  the  magnet  itself  or  the  added  mass  (regular  body) 
will  depend  on  its  form  and  axis  of  rotation;  and  the  requisite 
formulas  will  be  found  in  the  works  cited  above. 

The  various  corrections  indicated  by  the  foregoing  quantities 
are  explained  in  Art.  137.  vol.  i:  some  of  them  are  tabulated  on 
printed  forms  which  exist  for  convenience  of  computation. 

400.  Works  consulted.— Throughout  the  pages  of  this  Treatise 
the  names  of  various  authors  appear:  such  of  their  works  as  bear 
upon  its  subject-matter  have  been  consulted;  nearly  all  the  books 
cited  by  title  in  this  Part  Sixth  have  also  been  consulted;  so  that 
it  only  remains  to  quote  those  not  specifically  mentioned  in  either 
way.  They  are:  Asuni — Dissertation  sur  I'orignie  de  la  Boussole; 
Admiralty  Manual  of  Scientific  Enquiry;  Diehl,  S.  IV.  B.,  and 
Souiherland,  11'.  //.  H. — Practical  Problems  and  Compensation  of 
ike  Compass:  Faye,  M.  H. — Covrs  d'Astronomie  Nauiique;  Hooge- 
werff,  J.  A. — Observations  at  the  Magnetic  Observatory,  Washing- 
ton, D.  C;  Harris.  W.  S.—Magneiism;  Lecky,  S.  T.  S.— Wrinkles 
in  Navigation;  Maycock,  W.  P. — The  Alternating  Current;  Marsh, 
C.  C. — Magnetic  Observations  at  the  Naval  Observatory,  Washing- 
ion,  D.  C;  Preble,  G.  H. — Mariner's  Compass,  in  the  United  Service 
Magazine;  Taylor,  Sedley — Sound  and  Music;  Schott,  Chas.  A. — 
Magnetic  Observations  and  Essays  published  by  the  U.  S.  Coast 
and  Geodetic  Survey;  Schellen,  H. — Spectrum  Analysis,  trans,  by 
the  Misses  Lassell;  Spottiswoode,  William — PolarizcUion  of  Light. 
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Eisaler's  Modern  High  Biploeives Svo,  4  OO 

EUfront'a  Enzymea  and  their  Applicktlona.     (Pr«acott.)....8TO,  1  Ot 
&dmaim'a  Introduction  to  Chemical  Preparatiooa.     (Dunlap.) 

12mo,  1  U 
Fletcher'a  Practical  Instructions  in  Quantitative  Aaeaying  with 

the  Blowpipe .12mo,  morocco,  1  60 

Fowler's  Sewage  Works  Analyeea 12mo,  9  00 

Pieseniue'sMutualof  QualitativcChemicalAiialvaia.  (WelJs.)  8vo,  S  00 
"        Manual  of  Qualitative  ChemicaJ  Analyaia.    Part  I. 

Descriptive.    (Wells.) 8vo,  3  00 

"  System   of   Instruction   in   Quantitative   Chemical 

AnalyMa      (Allen.)...    Svo,  0  00 


Webb'a  ProbleniB  in  the  Use  tad  Adjustment  of  Engiojeering 

InBtrunienta   16nio,  morocco,  I  £S 

•  Whecler'i  Eletctntarj  Oourw  at  Civil  Bngineeriiig 8vo,  *  DO 

WUion't  Topog'^ptiic  Surveying' Svo,  3  6() 

BRIDGES  AND  EOOPS. 
BoQcr'i  Practical  TreatiM  on  the  Construction  of  Iron  Highwaj 

Bridges 8»o,  2  "0 

'Boiler's  Tbaices  River  Bridge 4to,  paper,  6  00 

Burr's  Course  on  the  Streeaes  in  Bridges  and  Boot  Tnissf^a, 

Arched  Ribs,  and  SuspenUon  Bridges Svo,  3  M) 

Du  Boia's  Mechauica  o(  Rngineering.    Vol.  II Small  4to.  Hi  ')" 

roster's  Treatise  on  Wooden  Trestle  Bridges 4to.  S  00 

Vowler'e  Coffer-dam  Process  for  Piers Sro,  8  60 

Greene's  Roof  Trusses Svo,  I  2B 

"          Bridge  Trusses Svo.  2  50 

"         Arches  in  Wood,  Iron,  and  Stone Svo.  2  50 

Howe's  Treatise  on  Arches Svo.  4  i» 

"       Design  of  Simple  Roof-trusws  in  Wood  and  Steel.  Svo,  2  0() 
Johnson,  Bryan  and  Tumeaure's  Theory  and  Practice  in  tfaa 

Designing  of  Modem  Framad  Structures Small  4ta,  10  00 

Herriman  and  Jaeoby's  Teit-book  on  Roofs  and  Bridges: 

Part  I.-8tresac*  in  Simpls  Trusses Svo,  3  HO 

Part  II.-Graphio  Statics Svo.  2  W 

Part  III-— liridge  Dcaign.    Fourth  Ed.,  Rewritten Svn.  2  50 

Part  IV.— Higher  Structures Sro.  2  SO 

Moriion's  Memphis  Bridge 4t«,  10  00 

Waddeil'a  De  Pontibus,  a  Pocket  Book  for  Bridge  Engineers. 

lOmo,  mor.,  3  OS 

"           Specifications  for  St«e1  Bridges IZmo,  1  U 

Wood's  Trcfttise  on  the  Theory  of  the  Coaitraotioa  of  Bridges 

and  Roofs  Svo,  t  » 

Wright's  Designing  of  Drnw-spans: 

Part  I.— Plate-girder  Draws Svo,  2  80 

Part  II.— Riveted- truss  and  Pin-connected  Long-span  Draws. 

8vo,  e  SO 

Two  parts  in  one  volume Bvo,  3  50 

HYBEATTtlCS. 
Basin's  Eiperinienti  upon  the  Contraction  of  the  Liquid  Vein 

Issuing  from  an  Uriflce.     (Trautwine.) Svo,  S  00 

Boray's  Treatise  on  BydrauHcs Svo,  B  00 

Church's  Mechanics  of  Engineering Svo,  S  00 

"         Diagrams  of  Mean  Velocity  of  Water  in  Open  Channels 

paper,  1   SO 

Coffin's  GraphlL-al  Solution  of  Hydraulic  Problems.  .ISmo,  mar.,  S  H 

Hather's  Dynamometers,  and  the  Meajiuremeiit  of  Power.lZmo,  3  00 

Volwell's  Water-supply  Engineering Svo,  4  00 

VriMll's    Water-power Svo,  S  00 

TMrtes's   Wst«r   snd    Public   Health ISmo.  1  SO 

Water-filtralion    Work» ISmo,  8M 

ftangulllet   and    Kuttcr's   G«nera1    Formula   (or   the   Uniform 

Flow   of   Water   in   Rivers  and   Other   Channels.     (Her- 

tng  and  Trautwine.) Svo,  4  00 

Husn's  Filtration  of  Public  Water-supply Svo,  3  00 

HatlehuTst's  Towers  and  Tanks  tor  Water-works Bvo,  t  SO 

Harscbel's  IIG  Experiments  on  the  Carrying  Capacity  of  I^rge, 

Rivet«d,  MeUl  Conduits Bvo,  t  W 


I  Wster-aupplf.     (Conaidered  Principajly  from  k  Saiii- 

tarj  Standpoint.) 8vo,    ' 

M«Tim«Q'8  Treatise  on  Hydraulics Svo, 

'Michie's  EUsmenta  of  AnaljUcsl  MEchanica Svo, 

iehuyler's  Heaervoira  for  Irrigation,  Water-power,  and  Doineatio 

Water-aupply I^cge   8vo, 

Turncanre  and  Kuaselt.     Public  Water-aupp"- 
Wagmann'a  Deai^  and   Constiniction  at  Ui 

"  Water-supply  of  the  City  of  New  York  from  1668  to 

1899  ito,  1 

Welabacb'a  Bydraulica  and  EydraoUe  Moton.    (Du  Bola.).  .Sto, 

Wilaoa'a  Manual  of  IrriKstioD  Kngineering Small  Bvo, 

Woira  Windmill  aa  a  Prime  Uover 8to, 

Wood'a  Turbinea 8vi>,    ' 

"       BUemente  of  Analjlici         !chanica Svo, 


UATEKiAis  OF  ENomssBiira. 

Beker'a   Treatise   on    Masonry   Conatmetion Bra, 

Roada  and  ParemfiAls Svo, 

Black'a  United  »tat«a  Public  Worka Oblong  4to, 

Bovey'a  6trenf[th  of  Materiala  and  Theory  of  Structure* 6va, 

Burr'a  Elasticily  and  Keaiatance  of  lb*  MatariaJa  of  l£ngin«r- 

ing    ,.  .8v(j, 

Byma'a  Highway  Conatruction. Svo, 

"        InapectiDn    of   the   Atateriala  and   Workmanship   Em- 
ployed  in  Conatruction. .'. ISmo, 

Cbureh'a  Mechauica  of  Engineering Svo, 

Dq  Bais'a  Mechauica  of  Engineering.    VoL  I Bniall  4to, 

Jobnaon'a  Materiala  of  Construction I^rge   Svo,    OM 

Keep's   Cnat   Iron 8vo,    tM 

Lanza's  Applied  Mechanica. Svo,    7  N 

Uarteus's  Handbook  on  Teating  Materials.  (Heiming.).2  v.,  Svo,    7  SO 

Herriira  Btonea  tor  Building  and  Decoration Svo,    B  flD 

Uerriman'a  Text-book  on  the  Mechanic*  of  Materials Bro,    4  M 

Hemman's  Strength  of  Materials 12mo,     I  00 

Metcalfs  ^teel.    A  Manual  for  Steel-users ^ 12mo,    2M 

Patton'a  Practical  Treatise  on  Foundationa Svo,    £  DO 

Rockwell's  Roads  and  Pavements  in   l^Yance 12mo,     1  U 

Smith'a  Wire:   Ita  Uae  and  Manufacture Small  4to.    t  00 

"       Materials  of  Machines. 12ino,     1  00 

Bqow's  Principal  Species  ot  Wood.     (In  preparation.) 

Bpalding'a  Hjdraulio  Cement ISmo,    t  0» 

Teit-book  on  Roada  and  Pavement* 12mo,    t  00 

ThutBton'a  Materiala  of  Engineering 3  Parte,  Hvo,    8  00 

Fart   I. — Non-metallic  Materiala  of  Engineering  and   Metal- 
lurgy    8to,    2  00 

Part  II.— Iron  and  Steel Svo,    8  H 

Part  III.— A  Treatise  on  Braaaes,  Brouea  and  Other  Alloya 

and    Their   Constituents Svo,    tH 

ThuratoD's  Textbook  of  the  Materiala  of  Conetruction Sro,    S  00 

TUIaon'a  Street  Pavements  and  Paving  Material* Svo,    i  00 

Waddell's  De  Pontibus.     {A  Pocket-book  for  Bridge  Engineers.) 

lOmo,  morocco,    I  00 

"       5p»ciGeatioD*  for  5te«l  Bridge* 12mo,    I  M 

Wood'a  Treatise  on  the  Reaiataace  of  Materiala,  and   an  Ap- 
pendix on  the  Preservation  of  Timber Svo,    t  00 

*         Eitementa  ol  Analytical  Uechanic* Sv«,    S  00 


KAILWAY  ?JTGDf££IlINa. 

Audrews's  Handbook  for  Street  Railway  EngineerB,  3x5  in  mor.,    1  2S 

Jvg'a  Uuildinsa  and  8tnicture«  of  American  Bailrnad*..  .4to,  G  W 

Braok*'*  EuidXook  of  Street  HftUroad  Location.. lamo,  taotaeeo,  1  U 

Bntta*!  CiWl  Eiigiiieer'«  Field-book ISoio,  morocco,  S  60 

Craad«U'i  TraDtition  Currs ISnio,  morocco,  1  M 

'        Railway  and  Utber  Barthnork  Table* 8vd,  1M 

Dawfon'a  Electric  Railway!  and  Tramway*. SmalMto,  hall  mor.,  18  W 

"         "  Engineering  "  and  t^ectric  Traction  Pocket-book. 

IBmo,  morocco,  4  00 

Dredge'*  History  o(  the  Pennaylvania  RnUroad:     (187B.). Paper,  6  00 

*  Drinker'*  Tunneling,  Eiploeiv*  Compound*,  and  Bock  Dnlla. 

Uo.  half  morocco,  2S  00 

Haher'a  Table  of  Cubic  Yard* Cardboard,  U 

Oodwio't  Railroad  Engineers'  Field-book  and  Explorer*'  Guid& 

lemo,   morocco,  2  M 

Howard'*  Transition  Curve  FieI{l-bDok 16mo,  morocco,  1  M 

Hndeon'i  Talilea  for  Calculating  the  Cubic  Contents  at  Exca- 
vation* and  Embankment* Bto,  1  00 

Molifor  and  Benrd'a  Manuiil  for  Kctddent  Engincera 16i!io,  1   00 

Nagle'*  Field  Manual  for  Railroad  Enginaer*. . . .  16mo,  morocco,  S  00 

PhUbrick'*  Field  Manual  for  fingineera lOmo,  morooco,  3  00 

Pratt  and  Alden'i  titrnt-railway  Road-bed 8vd,  S  00 

Bearle*'*  Field  Bngineering 16raa,  morocco,  3  00 

"         Railroad  Spiral lOmo,  morocco,  1  H 

Sarlor'*  Prismoidal  Formuln  and  Earthwork 8vo,  1  M 

•n«utwine'*  Method  of  Calculating  tha  Cubic  ContanU  of  Ex- 
cavation* and  Embankments  by  the  Aid  of  Dia- 
grams   Svo,  8  00 

*  "  lis  Field  PraEticfl  of  Laying  Out  Circular  Curves 

for  Railroad* 12mo,  morocco,  8  H 

*  '            Craaa-tection  Hbe*t Paper,  8f 

W*bV*  Railroad   Construction. Svo,  4  00 

WsUinglon'a  E^nomic  Theory  of  the  Location  of  Railways. . 

Small  8vo,  6  00 


DBA  WING. 

Barr'e  Kinematics  of  .Machinery 8vd,  8  W 

•  BartUtt'*  Methaniial  Drawing 8to,  >  0* 

Cooiidge's  Manual  of  Drawing 8vo,  paper,  I  00 

Durley's  Kincmntics  of  Machines 8vo,  4  00 

HUl's  Text-book  on  i^hades  and  Shadows,  and  Perspective.  .«vo,  2  tW 
Jonea's  Machine  Design: 

Part  I.— Kinematics  of  Machinery 8vo,  I  M 

Part  n. — Form,  Strength  and  Proportions  ol  Parts 8to,  S  0> 

MacCord'*  Element*  ot  Descriptive  Ueometry 8vo,  t  00 

Kinematic*;   or.  Practical  Mechanism Bvo,  BOO 

"  Mechanical  Drawing 4to,  4  00 

"  Velocity  ningrams flvo,  1  M 

'Uahan's   Descriptive  (Jeometrv  and  Stone-cutting Svo,  I  H 

Uahan'*  Industrial  Drawing.    {Iliompson.) 8ro,  S  SO 

■••d's  Topogrnphicvt  Drawing  and  Sketching 4to,  B  00 

■aid'*  Course  in  Mechanical  Drawing Svo,  8  00 

"      TexVbook  of  MechinicaJ  Drawing  and  ElemeDtary  Ma- 
chine   Design Bvo,  S  Ot 

Kobinaon's  Principles  of  Mechanism Svo,  8  Ot 


I 


Bmitli'*  MaouKl  of  Topographic&l  Drawing.      (McMillan.). Bto,  t  H 
Wureu'B  Elements  of  Pkne  uid  Solid  Free-huid  OeometricAl 

Diuwins    IZmo,  1  00 

"        DmtliDg  lastrumenta  ajid  (JperationB 12mo,  I  M 

Manual  of  Xlementar;  Frojectioa  Drawing. ..  .12mo,  1  60 
"         Manual  of  Elementarj   ProbleuiB  in  ths  Laneor  Fer- 

ipective  of  Form  and  Shadow 12ino,  1  DO 

"        Plana  FroblemB  in  iiUeineDtaiy  Geometry 12mo,  1  26 

"         Primary   Geometry 12mo,  78 

"         Element*  of  Deacriptive'  Geometry,  ShadowB,  and  Per- 

spectivB    8vo,  3  BO 

"        General  Problems  of  Shades  and  Hbadowa Svo,  3  00 

"        Elements  of  Machine  Construction  and  Drawing.  .8vo,  7  60 
"         Problems.    Tbeorema,   and    Examples    in    DescnptiT« 

Geometry 8vo,  2  SO 

WeiBbBch's  Kinematics  and  the  Power  ot  Transmission.     (Herr- 
mann and  Klein.) Sto,  S  00 

Wbnlpley'a   Practical   Instruction  in  the  Art  of  Letter   E^- 

craving   12mo,  2  00 

WUson^B  Topographle  Buireying Byo,  3  60 

WilBon'a  Pree-band  Perspective 8to,  2  M 

Woolfs  Elementary  Courae  in  Descriptlre  Geometry, . Large  Svo,  3  00 


EIECTEICITT  ANT  PHYSICS.  J 

Anthony     and     Brarkelt'i     Teit<book     of    PhyBics.     (Magie.)  .   | 

Small  Svo,  3  00 
Anthony's  Leeture-nolee  on  the  Theory  of  Electrical  Measur- 

mente    12mo,  1  00 

Benjnniin'e    History    of    Electricity Mto.  3  GO 

Benjsmin's  Voltglo  Cell Bto,  3  00 

CloBsen's  Qantitative  Chemical  AnalyEia  by  Electrolysis.      Uer- 

rick  and  Boltwood.) 8to,  3  00 

Crehore     and  Squier's  PoIarizinR  Photo -chronoKrapb 8vo,  3  00 

I>awBon'B  Electric  RnOwsys  and  Tramways. .Small  4to,  half  mor.,  IS  M 
Dawson's   "  Engineering      and    Electric  Traction   Pocket-book. 

lOmo,  morocco,  4  00 

Flather's  Dynamometers,  and  the  Measurement  of  Power.  .12mo,  3  00 

Gilbert's  De  Magnele.     (Mottelay.) 8vo,  2  60 

Holman's  Preciaion  of  Measurements 8vo,  2  Ot 

"         Telescopic    Mirror-scale    Method,   Adjnstmente,    and 

Teste  Large  8to,        78 

lAndauer's  Spectrum  Analysis.     (Iliigle.) Sto,  3  00 

La  Chatelier'B  High- temperature  Measurements.     (Boudouard — 

Burgeas.) ISmo.  3  00 

LOb's  Etectrotysis  and  ElectroayntheBis  ot  Organic  Compounds. 

(Loreni.)     12mo,  1  00 

Lyons's  Treatise  on  Electromagnetic  Phenomena Bto,  6  00 

'Michie.    Elements  of  Wave  Motion   Kelating  to  Sound   B.nd 

Light 8to,  4  00 

Niaudet's   Elementary   Treatise    on   Electric   Batteries     (Fish- 
back.)    12mo,  2  60 

*  Parshall  and  Hobart's  Electric  Q«neraton..SmaIl  4to,  half  mor.,  10  00 
Byan,  Norris,  and  Hoxie'a  Electrical  Machinery.     {In  preparation.) 

Thuraton'B  Stationary  Steam-engines 8vo,  2  60 

'Tillman.    Elementary  Leasona  in  Heat 8to,  1  60 

Tory  and  Pitcher.    Msaual  of  I^botatory  Phyaici.. Small  8vo,  2  00 
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1  H 
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2  0* 

sot 

H-n"   05    M                        ■ 

8y<>, 

3  00 

■  ^       a»u  ito. 

3  M 

I9r^n 

S  06 

Mm,  Monrco, 

401 

-  - -MMh  Mnxeo, 

too 

-^9i>.c_nn: 

1                                                                                           8voi 

•  0* 

1                                                                                        - »™, 

4  H 

ttlTO 

1  ■ 

I                                                                                                                                                  -ttBO, 

ew 

1                                                                                                      Sta»n  8to, 

CM 

1                                                                                                   «'=. 

a  M 

1                                                                                                 8™. 

CM 

^^^B                     ^^—^                           Svo, 

1  m 

^^^M^^^&_  -—^       }?■<>. 

4  00 

1  on 
1  H 
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K^te. 

J 

Darii'i  Introduction  to  th«  Logic  of  Algtbn Bvo,  1  H 

'Diekwn's  College  AlgebM LaTge  12nio,  IM 

*  "         lilt rocjuci ion  lo  the  Theory  of  Algebraic  Equatiims. 

LargH  l2rao,  1  2S 

Haistcd's  Enementa  of  Geometry 8vp,  1  Tt 

"        EtemeDtary  Syntlietio  Oeometry 8vo,  1  SO 

*  JobosoD's  Three-place  Logarithmie  Tables;  Veit-pocket  lize, 

100  coptoa  for  I  00 

*  Mounted  on  heavj  cardboard,  B  X  10  jncbes,  EG 

10  copie*  for  S  00 
EtementarT    TreatiM    on    the    Integral    Calf^ulua. 

Small  8to,  1  SO 

"          Carre  Tneing  In  CartMlui  Co-ordtDatM IBmo,  1  00 

Treatise    on     Ordinary     and     Partial     Differential 

Equationi Small  8vo,  3  SO 

"         Theory     of     Eiron     and     the    Method     of     I«ast 

Square*  .    12mo,  1  SO 

*  ■          Theoretical  MechanlcB -,..12tno,  100 

LapUce'a  Fhilosopblcnl  Essav  on  Probabilities.    (Truscott  and 

Emorv.) ." 12mo,  2  00 

*  Ludlow  an'd  Ilass.     Element!  ot  Trigonometry  and  Logaritb- 

mic  and  Other  Tables 8vo,  3  00 

"          Trigonometry.     Tablea  publiahed  teparately.  ,Baeh,  K  OO 

Herriman  and  Woodward.     Higher  Matfaematica Mvo,  B  00 

Merrinian'a  Method  of  Least  Squares Svo,  2  00 

KiM  and   Johnaon'a   Elementary  Treatise   on   the   Differential 

Calculus Small  8vo,  9  00 

"  Differential  and  Inte^al  Calculus.    2  vols. 

in  one Small  8»o.  t  W 

Wood'a  EHementa  of  Co-ordinate  Georaetry 8vo,  S  00 

"       Trigometry:  Analytical,  Plane,  and  Spherical 12rao,  1  00 


UECKANICAL  ENOINEEBIBO. 


Baldwin's  St«am  Heating  for  Bulldinga lStn»,  1  10 

Barr's   Kinematice   of   Machinery bvo,  8  SO 

•  Bartlett'a  Mechanical   Drawing 8vo.  3  00 

Benjamin'*  Wrinkten  and   Recipes IZino,  £00 

Carpenter'B  Eitpehmentit  En^tneering Svo,  0  00 

"  Heating  and  Ventilating  Buildinga 8vo,  4  00 

Clerk's  Qae  and  Oil  Engine Small  B*o,  4  00 

Coolidge'a  Manual  ot  Drawing 8vo,  paper,  1  00 

Cromwell'a  Tr^tiae  on  Toothed  Gearing 18mo,  1  60 

Treatise  on  Belta  and  Pulleys 12rao,  1  SO 

Durley's  Kineraalic?  ot  MaehincH 8vo,  4  00 

Flather's  Dynamometera,  and  the  MeaauremeDt  of  Power  ..IZmo,  S  00 

Rope   Driving !2mo,  2  00 

Gill'B  Gaa  an  Fuel  Analysia  for  Engiiie«ra 12mo,  1  2fi 

Halt's  Cat  Lubricntion 12mo,  I  00 

Jones's  Machine  Design; 

Part  I. — Kinematice  of  Machinery fivo,  I  SO 

Part  II.— Form,  Stren^h  and  Proportions  of  Fart« Svo,  3  00 

Kent's   Mecbanical    EngiQeere'   Pocket-book lOmo,  morocco,  S  00 

Kerr'e  Power  and  Power  Tranamisaion 8to,  S  00 

II 


Durley's  KioEmatios  of  Machines 8vo.  4   00 

FlUgeraJd'B  BoshiQ  Macbinist- ~..... lOmo,  1  00 

Flather'a  DTiiamoinetcrs,  and  Um  UMauramuit  of  Powar.lZmo,  t  00 

Rope    Driving 12mo,  8  00 

Gou'b  Locomotive  Sparki Svo,  2  00 

HsU'fl  Car  Lubrication ISmo,  1  00 

HoUy'a  Art  of  Saw  Filing ISmo,  7i 

'Jobnfton'g  Theoretical  Uechaniea ISmo,  S  00 

Jobnion'i  Short  Courae  in  St&tica  bj  Graphic  Uid  Algebnio 

Method*,     (fn  preparaUon.) 
Jones's  Machine  Deaign; 

Part  li — Kinematics  of  Machinery , 8to,  1  50 

Part  IL — Forio,  Strength  and  Proportions  of  Fart*. ...Svo,  3  00 

K«ir's  Power  and  Power  TraDsmission Bto,  E  00 

Lanza'i   Applied  MechanicB .8to,  T  H 

MacCord's  KineToatics;  or,  Practical  Meehanlam 8Tg,  S  00 

"          Velocity   Diagrams 8vo,  I  BO 

Merriman'fl  Text-book  on  the  Mechanics  of  Matmials Bto,  4  00 

'Michie's  E3 entente  of  Analjtii^ai  Mecbanioa 8vo,  4  00 

Keagan's  Locomotiye  Mechanism  and  Enginesring ISmo,  2  00 

Beid's  Coume  in  Mecbanical  Drawing 8ro,  2  00 

"      Tex  1^ hook    of     Mechanical    Drawing    and    Elementaty 

Machine   Design Sto,  t  01 

Hicbardi'a  (.'ompraased  Air 12dio,  1  GO 

Robinaon's  Principles  of  Mechanism Svo,  S  00 

Rjan,  Noma,  and  Hoiie's  Electrical  Machinery.     [In  prtparaHon.) 

Binclair'a  Locomotive-engine  Running  and  Management.  .12mD,  2  00 

Smith's  Press-working  of  Metals 8vo,  SOI 

"        MaUrials  of  Machines I2mo,  1  00 

Spangler,  Greene,  and  Marshall's  Elotnenl.s  of  Sl^am-engiuecring. 

Svo,  3  00 
llinnton's  Treatise  on  Friction  and  Lost  Work  in  Ha«bin- 

ery  and  Mill  Work 8vo,  S  00 

"  Animal  as  a   Machine  and   Prims  Motor,  and   tba 

Lawa  of  Energetics IZmo,  I  00 

Wuren's  danienta  of  Machhie  Oanstnictioo  and  Drawinf .  -Sro,  T  M 
Weisbach's     Kinematics     and     the     Power    of     Traosmiwon. 

|Herrman-~-K]eiQ.)    ivo,  B  00 

"  Machinery  of  Transmiainon  and  Qofttnoii.    (Herr- 

(man— Klein.)    Bto,  BOO 

Wood's  Elements  of  Analytical  Mechanics...'. Sto,  I  00 

"        Principles  of  Elementa.ry  Ueehanica ISmo,  I  U 

■       Turbine*  Sto,  t  BO 

Um  World's  Columbian  ExposiUoD  Of  I8SS 4to,  1  W 

UETALLimOT. 
B^eaton's  Metallurgy  of  Bilvw,  Qold,  «ad  Merowyi 

Vol.  L-8ilver Bt*,  T  •• 

Vol.  n.— Gold  and  Mercury Sto,  T  H 

**  Dee's  LeAd-9 melting. . . .  (Poetage  9  »DtB  additionsJ)    I2roo,  2  SO 

Keep's  Cast  Iron Sto,  t  60 

Kui^ardt's  Practice  of  Ore  Dreeung  In  Llirop* 8To,  1  H 

La  Chat«licr's  High-tempera tur«  Ueuorementa.    (Boudonard— 

Burgess.) 12mo,  S  Ot 

Hetcalfs  StMl.    A  Manual  for  Bteel-usert I2mo,  t  00 

Smith's  Mafrrials  of  Machines IZrao,  1  00 

lliunton'a  Materials  of  Engineering.    In  ThTM  Parti Sro,  B  00 

Part  II.— Iron  and  Steel Bto,  S  m 

Part  m.— A  Treatise  on  Brasses,  BroBMS  and  OUiar  Alloys 

and  Tbelr  Coastitnents Bnv  t  M 
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MUfEKALOOY. 

DMcrtption    of    MJnerala    of    Camin«r«i&I    Tftlua. 

Oblong,  morocco,  B  M 

Bojd'i   KcBouTces   of   Southwest   Virginii, Svo,  1  M 

"       Map  ol  SoittbwMt  Virginift Pocket-book  form,  200 

Bnuh'i  Manuftl  of  Determinative  Mlneniog?.     (Penfleld.)  .8vo,  4  00 

Chester*!  Catalogue  of  MmeraU Svo,  paper,  1  M 

Cloth,  1  a 

"         Dictionary  of  the  Names  of  Minerale Bto,  3  H 

Duw'e  ^atcm  of  i^ertlogj IjUga  8to,  half  leather,  12  H 

"      First  Appendix  to  Daua'B  New  "  S^etem  ol  Mineraiogj." 

l^rge  bvo,  I  OV 

"      Teit-book  ol  Mineralogy Svo,  i  00 

"      Minerals  and  How  to  Study  Them I2mo,  1  H 

"      Catalogue  ot  American  Localities  ol  Mineiala.  Large  Svo,  1  Ofl 

*      Manu^  of  Mineralogy  aad  Petrography 12mo,  2  00 

Egleston'a  CaUJogue  of  MineraJa  and  Synonyms Svo,  2  U 

Husaak'a     The     Determination     of      Rock- forming     Minerals- 

(Smith.)    SmaU   8vo,  8  00 

*  Penfleld's  Note*  on  Determinative  Mineralogy  and  Record  of 

Mineral  Tests Svo,  paper,  M 

ftoeenbusch's  Microscopical  Physiography  of  tho  Rock-making 

Minemli,      (Idding"*.) 8to,  S  00 

*Tiltman'a  Teit-book  of  Important  Minerals  and  Rocka..8vo,  S  00 

Williams's  Mssual  ot  Litbology 8to,  S  00 


vamsa. 

Board's  Ventllstion  of  Mines ISmo,  t  N 

Boyd's  Resources  of  Bouthweet  Vii;glnia Svo,  1  01 

"      Map  of  Southwest  Virginia Pocket-book  form,  2  00 

'Drinker's    Tunnetiag,     I^plocdve    Oomponnds,     and     Eock 

Drills 4to,  half  morocco,  2S  0* 

Eiseler's  Modern  High  Explouvea Svo,  *  00 

Fowler's  Sewflge  Works  AnalvseB 12mo,  3  00 

Goodyear's   Coal-mines   of   the   WesUm   Coa«t  ol   the   United 

States    12mo,  250 

Iblseng's  Manual  ot  Mining Bvo,  4  00 

••  Iles'a  Lead-smelting 12mo,  2  BO 

Kunhardt's  Practice  of  Ore  DreasiDg  in  Burnpa Svo,  1  H 

ODriBcoll's  Notes  on  the  Treatment  of  Qoli  Onm Svo,  t  Ot 

fiawyer'i  Accident*  in  Minea 8to,  T  00 

•  Wiilkc's  Lectures  on  Explosives Svo,  4  00 

Wilson's  Cyanide  Frocetaea IZmo.  1  N 

Wilson's  Chlorination  ProceM ICmo,  1  W 

. _  and  PlaMi  Mining , 

Vniaon'i  Treatise  a 


..12mo,    1  > 


SAIflTAKT  SCIENCE. 

Valwall's  Beweragft.    {Designing,  Conatraetion  and  MalnKasJUie.) 

Sto,  S  M 

'         Water-supply    Qigineering Srv,  4  00 

I'MrtM'a  Wat«r  and  Public  Health 12mo,  1  HI 

'       Water-nitration  Works lemo,  t  M 


■  tW  PI— ■■  ml  tt«  Pac. 
■■a  IMMUM  QMttM  is  Xtfnia 

ir«rift  Ciiliiililia  fai"***"  •< 

Ww»M«g  «<  AtUMoa.    ■«■  Hiifltili. 
Ml  to  ■!■■■■■,  atf  aaBHttM*  far  Hm 


2EBKEW   An    CBALDEE   TEXT^BOOKB. 

9mmf»  antam*r  of  tb«  B«tocw  iMmfiuif Bn^  S  I 

"       KtenwntafT  fl*br«w  GruaBoar IZMa^  1  f 

■       Btbraw  CftrmttonMhj gro,  t  • 

■MMini^ii  flabnrw  kad  ChftldM  Lcxieoa  to  tka  (^  l^iUnaBt 

ttetitAufm.     (TreedlM.) an«U  4to,  hftU  aoroeeo,  ft 

littUrir'*  il»bf»«  WbU «T0,  t  Ci 


